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Cell membranes are the 
initial and focal sites of 
stimulus perception and signal 
transduction. Membrane 
lipids are rich sources for 
the production of signaling 
messengers that mediate plant 
growth, development, and 
response to nutrient status 
and stresses. In recent years, 
substantial progress has been 
made toward understanding 
lipid signaling in plants, but 
many fundamental questions 
remain: What lipids are signaling 
messengers or mediators in 

plants? How are the signaling lipids produced and metabolized? In what plant cellular and 
physiological processes are various lipid mediators involved? How do they carry out their 
signaling functions? How do lipid signaling networks contribute to modulating plant growth, 
development, and responses to hormones and stresses? In this Research Topic issue, we invite the 
broad plant community to address the above questions.
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Membrane lipids provide both the structural basis for cell mem-
branes and a rich source of cellular mediators that regulate many
aspects of plant development and environmental interactions.
Over recent years, lipids as hormones and signaling messengers
have gained increasing attention in the plant biology commu-
nity. This volume collected 20 articles, including both primary
research articles and several timely reviews on lipid signaling
pathways, from active researchers addressing various fundamen-
tal questions in lipid signaling in plants (Ibrahim et al., 2011;
Alford et al., 2012; Benning et al., 2012; Berkey et al., 2012; Dave
and Graham, 2012; Dieck et al., 2012; Ge et al., 2012; Guo and
Wang, 2012; Jung et al., 2012; Koo and Howe, 2012; Lorenc-
Kukula et al., 2012; Maatta et al., 2012; Pleskot et al., 2012; Scherer
et al., 2012; Stenzel et al., 2012; Strawn et al., 2012; Teaster et al.,
2012; Wager and Browse, 2012; Xia et al., 2012; Arisz et al., 2013).
One important question addressed is what lipids act as mediators
in plants, and several classes of lipids and their related metabo-
lites have been described, including phosphatidic acid, oxylipins,
phosphoinositides, sphingolipids, free fatty acids, lysophospho-
lipids, N-acylethanolamines, oxidatively modified galactolipids,
and others. In addition, advances in mass spectrometry-based
analysis, which allow sensitive identification of lipids with struc-
tural information, have raised many new questions: How many
lipids are there in plants? How do plant lipidomes change in
response to growth, developmental, and stress cues? As a result,
many lipid mediators remain to be identified, and this vol-
ume provides a current, baseline knowledge on lipid signaling
molecules and their actions in plants.

Signaling lipids are produced and metabolized by a number
of enzymes described in this volume, including phospholipase
Ds, phospholipase As, acyl hydrolases, phytosphingosine kinases,
diacylglcerol kinases, fatty acid amide hydrolases. Each enzyme
class has multiple members, which contribute to the spatial and
temporal production of lipid mediators, as well as to the influ-
ence of specific molecular species for selected actions. Additional
molecular complexity is afforded by the fact that each class of
lipid mediators may be produced by different enzymes. Different
approaches, such as genetic ablation of specific genes, enzymatic
kinetics, lipid profiling, or differential metabolic labeling, have
been applied. Deciphering the complexity of lipid molecular
signals and their metabolism has been a challenge.

Lipid signaling plays diverse roles in various cellular and
physiological processes. The involvement of lipid mediators

has been discussed here in plant responses to hormones (e.g.,
abscisic acid and auxin), abiotic stresses, plant-microbe inter-
actions, and in plant growth and development. Some intrigu-
ing aspects of plant lipid mediators are also addressed, such
as how lipids might play roles as long distance mobile sig-
nals in addition to their localized actions, contributing to pro-
cesses such as flowering and defense against pathogens. One
major challenge has been to elucidate mechanistically how lipid
mediators carry out their functions. Recent advances in oxylip-
ins, particularly metabolites in the jasmonate pathway, provide
an excellent example of how some key players in the sig-
naling cascade that have been identified and interact directly
with target proteins to influence changes in gene transcrip-
tion. At the same time, these articles on oxylipins emphasize
the difficulty of assigning functions to lipid mediators when
multiple metabolites within a pathway have biological actions
(i.e., OPDA, jasmonate and jasmonyl-leu, and probably oth-
ers). Identifying lipid-interacting proteins represents an exciting
area for future research that will improve our understanding of
how different signaling networks in plant cells are integrated.
However, translating the milieu of lipid metabolite changes in
cells into the mechanisms for regulation of physiological pro-
cesses in plants will remain a formidable challenge in the coming
years.

Elsewhere in the volume, the contribution of lipid head-group
differences and their potential for selective actions are suggested.
The potential roles of phosphoinositides in nuclear function and
in the dynamics of membrane trafficking and cell expansion
are discussed. In addition, head-group modifications and their
metabolites, like the myo-inositol phosphates, appear to play a
role in energy homeostasis in plants. Furthermore, biophysical
studies have provided information on how PA and its phos-
phorylated product, diacylglycerol pyrophosphate, interact with
proteins and/or cell membranes, suggesting a means for differ-
ent cellular effects of these two metabolically related classes of
signaling lipids.

The publication of this book would not have been possible
without the efforts of many people. First and foremost are the
authors who responded enthusiastically to the call to contribute to
the special volume. And the essential critical comments from the
many peer reviewers are gratefully acknowledged which provided
valuable feedback to ensure the highest quality, and up-to-date
information in the articles.
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Previous work has demonstrated that plant leaf polar lipid fatty acid composition varies
during the diurnal (dark–light) cycle. Fatty acid synthesis occurs primarily during the light,
but fatty acid desaturation continues in the absence of light, resulting in polyunsaturated
fatty acids reaching their highest levels toward the end of the dark period. In this work,
Arabidopsis thaliana were grown at constant (21˚C) temperature with 12-h light and 12-h
dark periods. Collision induced dissociation time-of-flight mass spectrometry (MS) demon-
strated that 16:3 and 18:3 fatty acid content in membrane lipids of leaves are higher at
the end of the dark than at the end of the light period, while 16:1, 16:2, 18:0, and 18:1
content are higher at the end of the light period. Lipid profiling of membrane galactolipids,
phospholipids, and lysophospholipids by electrospray ionization triple quadrupole MS indi-
cated that the monogalactosyldiacylglycerol, phosphatidylglycerol, and phosphatidylcholine
classes include molecular species whose levels are highest at end of the light period and
others that are highest at the end of the dark period. The levels of phosphatidic acid (PA)
and phosphatidylserine classes were higher at the end of the dark period, and molecular
species within these classes either followed the class pattern or were not significantly
changed in the diurnal cycle. Phospholipase D (PLD) is a family of enzymes that hydrolyzes
phospholipids to produce PA. Analysis of several PLD mutant lines suggests that PLDζ2
and possibly PLDα1 may contribute to diurnal cycling of PA. The polar lipid compositional
changes are considered in relation to recent data that demonstrate phosphatidylcholine
acyl editing.

Keywords: Arabidopsis thaliana leaves, diurnal cycle, galactolipids, lipidomics, mass spectrometry, phosphatidic

acid, phospholipase D, phospholipids

INTRODUCTION
The chloroplast is the single site of fatty acid synthesis in plants
(Ohlrogge et al., 1979). Fatty acid synthesis in isolated spinach
chloroplasts and in maize leaves is completely dependent on
the presence of light, while in spinach leaf disks, the rate of
fatty acid synthesis in the dark was reduced to 12–20% of the
light rate (Browse et al., 1981). Sasaki et al. (1997) determined
that the light-dependence of fatty acid synthesis was due to
regulation of acetyl CoA carboxylase, the first enzyme in fatty
acid synthesis, by a light-driven redox cascade; phosphorylation–
dephosphorylation may also play a role in the light–dark regu-
lation of acetyl CoA carboxylase (Savage and Ohlrogge, 1999).
Expressing fatty acid composition in mole percentage of total
fatty acyl chains, Browse et al. (1981) found that there was a
diurnal fluctuation of fatty acid composition in spinach leaves,
with oleate (18:1) increasing in the light and linolenate (18:3)

increasing in the dark. Linolenate is one of the two major fatty
acid chains with three double bonds (i.e., trienoates) in Ara-
bidopsis leaves, the other being hexatrienoate (16:3). Browse et al.
(1981) attributed the fatty acid compositional change mainly to
the phosphatidylcholine (PC) class and interpreted their data to
mean that fatty acid desaturation, particularly on PC, contin-
ues in darkness, when fatty acid synthesis is slowed or stopped,
allowing existing fatty acyl chains to increase in unsaturation. An
investigation of diurnal variation in Arabidopsis thaliana polar
lipid composition corroborated these early results and extended
them to this model plant species (Ekman et al., 2007). Ekman
and coworkers, like the previous workers, separated Arabidop-
sis leaf lipids into head group classes and analyzed the fatty
acyl composition of each class, determining that PC, phos-
phatidylethanolamine (PE), and phosphatidylglycerol (PG) exhib-
ited diurnal compositional variation, with 18:1 level highest in the
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light period and linoleate (18:2) and 18:3 levels highest in the dark
period.

Very recently, Burgos et al. (2011) used liquid chromatography
(LC)–mass spectrometry (MS) to examine plant response in the
first 6 h after switching light conditions. Polar lipid species were
determined as apparent molecular species, with head group, total
fatty acyl carbons, and total carbon–carbon double bonds speci-
fied. These authors examined the major polar lipids, but did not
include lysophospholipids or the phosphatidic acid (PA) class. In
the current work diurnal polar lipid fluctuations were measured in
Arabidopsis leaves. In comparison to previous studies, additional
lipids were determined, including PA, lysoPC (LPC), lysoPE (LPE),
and lysoPG (LPG).

Plants contain acylhydrolase and acyltransferase activities
that can potentially “remodel” PC, via a reversible acyl
CoA:lysophosphatidylcholine acyl transferase reaction or via PC
hydrolysis to LPC and a fatty acid, with reacylation of LPC after
fatty acid activation (Stymne and Stobart, 1984; Bessoule et al.,
1995; Kjellberg et al., 2000; Matos and Pham-Thi, 2009). Recent
analyses in pea leaves and soybean embryos show that PC under-
goes remodeling via“acyl editing,” in which fatty acids are removed
and replaced, and the amount of incorporation of recycled fatty
acids into PC in these systems is greater than de novo fatty acyl
incorporation (Bates et al., 2007, 2009). These results may have
implications for diurnal cycling of lipid composition. It is also
possible that the activity of phospholipase D (PLD), which can
convert phospholipids, such as PC, to PA may relate to diurnal
compositional changes.

MATERIALS AND METHODS
PLANT MATERIALS
Wild-type plants were A. thaliana (Columbia-0 accession).
The knockout (KO) mutants were all in the Columbia-
0 accession and were identified from Salk T-DNA lines
(Alonso et al., 2003) through analysis of the SiGnAL database
(www.signal.salk.edu/cgi-bin/tdnaexpress). Seeds were obtained
from the Ohio State University Arabidopsis Biological Resource
Center (ABRC). The genes, KO mutants, their Salk line
numbers, and gene numbers are: PHOSPHOLIPASE Dα1,
pldα1, SALK_053785, At3g15730; G-PROTEIN α1 SUBUNIT,
gpa1, SALK_066823, At2g26300; PHOSPHOLIPASE Dζ1, pldζ1,
SALK_083090, At3g16785; and PHOSPHOLIPASE Dζ2, pldζ2,
SALK_094369, At3g05630. The pldα1 (KO) was confirmed as
homozygous and described by Zhang et al. (2004). The PLDα1-
antisense-suppressed line is also in Col-0 ecotype and was gener-
ated and described by Fan et al. (1997). The gpa1 (KO) mutant was
confirmed to be homozygous (Mishra et al., 2006). The pldζ1and
pldζ2 (KOs) and the double KO mutant pldζ1/pldζ2 are described
by Li et al. (2006a).

PLANT GROWTH
Seeds of A. thaliana were sown in Scotts Metromix 360 soil. The
pots were kept at 4˚C for 2 days and then moved to a growth
chamber at 21˚C (constant) with 12-h light/12-h dark periods
with daytime fluorescent lighting at 120 μmol m−2 s−1, 70% rela-
tive humidity. Plants were transplanted in the same soil at 21 days
of age, with two plants grown in each 10 cm × 10 cm × 15 cm pot.

SAMPLING AND EXTRACTION
Sampling began when the plants were 40–46 days old, and
occurred at time points indicated in figure and table legends. Dur-
ing sampling the entrance to the growth chamber was covered
with black plastic and sampling during the dark period was done
under the plastic using a 3-W night light covered with a green
filter. At each time point, samples were taken from five plants; the
pots containing these plants were discarded after sampling. For
each sample, three to five leaves were collected and immediately
immersed in 75˚C isopropanol with 0.01% butylated hydroxy-
toluene to halt any enzyme activity or lipid oxidation. Extraction
was performed as described by Welti et al. (2002). The leaf tis-
sues remaining after extraction were dried in an oven at 105˚C
overnight and weighed to obtain the “extracted dry masses” of the
samples.

POLAR LIPID PROFILING BY TRIPLE QUADRUPOLE MASS
SPECTROMETRY
Sample preparation and internal standard addition for the ini-
tial experiment and Experiment 1 were performed as described
(Wanjie et al., 2005). Samples were analyzed on an electro-
spray ionization (ESI)“triple”quadrupole mass spectrometer (API
4000, Applied Biosystems, Foster City, CA, USA). Data collec-
tion and processing for the initial experiment and Experiment
1 were as described by Devaiah et al. (2006). For Experiments 2
and 3, separate galactolipid samples were not prepared; instead,
the galactolipids were analyzed from the same samples as the
phospholipids. In Experiments 2 and 3, the galactolipid inter-
nal standards, 16:0–18:0-monogalactosyldiacylglycerol (MGDG),
di18:0-MGDG, 16:0–18:0-digalactosyldiacylglycerol (DGDG),
and di18:0-DGDG (Devaiah et al., 2006), were added to an aliquot
of the plant extract along with the phospholipid standards. Solvent
was added such that the ratio of chloroform/methanol/300 mM
ammonium acetate in water was 300:665:35 and the final volume
was 1.4 mL. Mass spectral analysis for Experiments 2 and 3 was as
described by Devaiah et al. (2006) except that, MGDG was scanned
as the [M + NH4]+ ion in positive ion mode with a neutral loss
(NL) scan, NL 179.1, and DGDG was scanned as [M + NH4]+
in positive ion mode with NL 341.1. In Experiments 2 and 3,
for MGDG and DGDG, the declustering potential was +90 V, the
entrance potential was +10 V, and the exit potential was +23 V.
The collision energies, with nitrogen in the collision cell, were
+21 V for MGDG, and +24 V for DGDG. Data processing was as
previously described (Wanjie et al., 2005).

Previous work has shown that various phospholipid species
within a class, such as the Arabidopsis phospholipids and their
internal standards, produce similar, but not quite identical,
amounts of mass spectral signal per mole, allowing absolute quan-
tification of phospholipid molecular species if multiple internal
standards are utilized (Koivusalo et al., 2001). On the other hand,
galactolipid molecular species quantification is not absolute. This
is because galactolipid molecular species vary somewhat in their
propensity to ionize, and the degree of variation is dependent
on which adduct is formed during ionization. Because naturally
occurring galactolipid molecular species are not available as puri-
fied components, determining response factors for each molecular
species is not currently feasible. In the current work, the quantity
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of each lipid was determined as normalized mass spectral signal
(i.e., normalized to the two internal standards of that class). We
have divided the normalized signal either by the extracted dry mass
(to produce normalized mass spectral (MS) signal/mg extracted
dry mass) or by the total normalized signal (to produce percent-
age of normalized MS signal). This approach allows comparison
of quantities of lipid species and classes among samples.

COLLISION INDUCED DISSOCIATION TIME-OF-FLIGHT MS
Electrospray ionization–collision induced dissociation (CID)–
time-of-flight (TOF) MS spectra were acquired with a Micromass
Q-TOF-2 tandem mass spectrometer (Micromass, Ltd., Man-
chester, UK) as described previously (Esch et al., 2007). Data
were processed using Micromass MassLynx software and were
exported to Excel; peaks within 0.004 u of the accurate m/z of
fatty acyl anions were identified and quantified as described (Esch
et al., 2007). The intensities of acyl-specific signals were summed,
divided by the total signal, and multiplied by 100 to obtain the
percentage of the total fatty acid signal.

PRINCIPAL COMPONENT ANALYSIS
Principal component analysis was performed using Pirouette Lite
software after autoscaling and log10 transformation of the data.
The data set included the data from Experiments 2 and 3; com-
positional data from 79 samples with 141 lipid species per sample
were included.

STATISTICAL ANALYSIS
In Experiments 1, 2, and 3, data from samples of leaves harvested
11 h into the light period were pooled and data from samples of
leaves harvested 11 h into the dark period were pooled. The two
sets were compared by t -test in Excel. A p value <0.05 was con-
sidered significant, and lipids significantly different between dark
and light conditions in two or three of the three experiments are
reported in the experimental summaries (for polar lipid molec-
ular species and fatty acyl chains). In the mutant analysis, levels
of total PA in the light were subtracted from levels of total PA in
the dark; the error was propagated by taking the square root of
the sum of the squares of the SD of each total PA measurement.
The p values were calculated using the unpaired t -test GraphPad
Software calculator at www.graphpad.com/quickcalcs.

RESULTS
Direct infusion ESI triple quadrupole MS in precursor and neutral
loss scanning modes was used to detect 141 lipid species in 8 diacyl
and 3 monoacyl polar lipid classes, identified by head group, total
acyl fatty acids, and total carbon: carbon double bonds. Each lipid
species was quantified by comparison of its mass spectral inten-
sity with those of two non-naturally or very rarely occurring lipid
species of the same class.

The levels of various polar lipids in A. thaliana leaves of approx-
imately 6-week-old plants grown at constant temperature (21˚C)
with a 12-h light/12-h dark cycle were determined. In an initial
experiment, five leaf lipid samples (each sample being an extract
from three to five leaves) were analyzed at time points spanning
49.5 h and two full dark–light cycles. Several apparent lipid molec-
ular species and the PA lipid class showed clear cyclical variation in

amount as a function of the dark and light cycles. The data for lipid
molecular species PC 36:6 (18:3/18:3), PC 34:1 (16:0/18:1), the PA
class, and PA 34:3 (primarily 16:0/18:3) are shown in Figure 1.
Individual sample data for the entire initial experiment are sup-
plied in the Table S4 in Supplementary Material in Excel format.
For the lipids undergoing cycling, the changes during each period
of the diurnal cycle (dark or light) were cumulative, with the great-
est changes generally observed toward the end of each light or
dark period; the 11-h time points, indicated in Figure 1 for light
(green arrows) and dark (red arrows), were chosen for further
experimentation.

FIGURE 1 | Changes in lipid molecular species PC 36:6 and PC 34:1 (A)

and PA lipid class and molecular species PA 34:3 (B) through 12-h

light/12-h dark periods. Data are reported as normalized (to internal
standard amounts) MS signal per extracted dry mass (in mg). The black and
yellow line indicates the timing of the 12-h dark and light periods. The time
indicated as 0 h is the time of the first sampling, which occurred 11 h into a
12-h light period (or 1 h before the start of the first full dark period). In each
panel, green arrows indicate the points 11 h into the 12-h light periods and
red arrows indicate the points 11 h into the 12-h dark periods. These time
points were chosen for later experiments.
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The experiment shown in Figure 1 suggested that diurnal vari-
ation could be detected, but changes in some species and classes
[e.g., phosphatidylserine (PS)] were not clearly delineated. To bet-
ter define the lipid changes occurring in dark and light periods, a
larger number of observations were made 11 h after the start of the
light and dark periods. Twenty plants/samples per group were ana-
lyzed and the experiment was repeated three times. Experiment 1
differed from Experiments 2 and 3 in that galactolipids were deter-
mined as [M + Na]+ adducts in Experiment 1 and as [M + NH4]+
adducts in 2 and 3. Forming different adducts altered the absolute
values of the intensities somewhat among experiments, but
allowed comparison, within each experiment, of lipid quantities
from leaves harvested in the light compared to the dark periods.

The data show the lipid mass spectral signal is 9–12% lower at
the end of the light period than at the end of the dark period (Table
S1 in Supplementary Material). Ekman et al. (2007) showed that
starch, which was measured at 0% at the end of the dark period,
rose to about 6% of the Arabidopsis dry mass at the end of the
light period. The higher content of starch, and possibly other sub-
stances, in the light is likely to account for at least part of the
lower lipid signal per dry mass in the light in this experiment.
However, some fraction of the observed higher levels of polar
lipids in the dark could be due to the incorporation of fatty acids
synthesized during the light period into complex lipids or to con-
version of other metabolites to polar lipids in the dark. Because
the basis for the apparent decrease in the polar lipid pool in the
light might be reflective of dry mass as well as lipid changes, lipid
amounts are reported in relation to the dry mass and in relation
to total analyzed lipid amount; the latter are independent of dry
mass measurements. Table S1 in Supplementary Material indicates
average normalized MS signal per mg of extracted dry mass, and
Table S2 in Supplementary Material indicates average percentage
of normalized MS signal; individual sample data are supplied in
the Tables S5–S7 in Supplementary Material in Excel format. Here,
“normalized” refers to quantification of MS signal for an apparent
molecular species or lipid class in relation to the internal standard
signals.

The significant changes shown in Tables S1 and S2 in Supple-
mentary Material are summarized in Table 1, and the data from
Experiment 1 are depicted in Figures 2–4. In Table 1, “light” and
“dark” in the third column indicate the lipid species and classes
that were significantly changed (p < 0.05) in the same direction in
all three experiments, while “(light)” and “(dark)” indicate those
that were significantly changed in two experiments and changed in
the same direction in the third experiment. Principal component
analysis of the pooled data from Experiments 2 and 3 (Figure S1
in Supplementary Material) showed that the differences in com-
positions in light and dark periods were clearly distinguishable. A
plot of Factor 1 vs. Factor 2, which accounted for 26.2 and 10.9%,
respectively, of the variance in the data, separated samples collected
in the dark and light based on their lipid compositions.

As shown in Figure 2 and Table 1, lipid classes that were
significantly higher at the end of the dark period in all three exper-
iments, on the basis of signal per extracted dry mass, were PA, PS,
PG, MGDG, and DGDG. When the data are considered on the
basis of percentage of total polar lipid signal, only the PA (in 2

Table 1 | Polar lipid molecular species significantly changed at end of

dark or light period.

Lipid Fatty acyl species Time that the indicated

lipid is highest (see

legend for details)

Total analyzed lipids dark/not applicable

PA 34:2 18:2–16:0 Dark/–

PA 34:3 18:3–16:0 > 18:2–16:1 Dark/dark

PA 36:4 18:2–18:2 > 18:3–18:1 Dark/–

PA 36:5 18:2–18:3 Dark/dark

PA 36:6 18:3–18:3 Dark/(dark)

Total PA Dark/(dark)

PS 34:2 Dark/(dark)

PS 34:3 Dark/dark

PS 36:2 18:2–18:0 (Dark)/–

PS 36:3 18:3–18:0, 18:2–18:1 (Dark)/–

PS 36:4 18:3–18:1, 18:2–18:2 (Dark)/–

PS 36:5 18:3–18:2 Dark/dark

PS 38:2 (Dark)/–

PS 38:3 (Dark)/–

PS 38:4 (Dark)/–

PS 40:2 22:0–18:2 Dark/(dark)

PS 40:3 22:0–18:3 Dark/–

PS 42:2 24:0–18:2 Dark/dark

PS 42:3 24:0–18:3, 24:1–18:2 Dark/dark

PS 42:4 24:1–18:3 Dark/dark

PS 44:3 26:0–18:3 (Dark)/(dark)

Total PS Dark/dark

PI 34:1 16:0–18:1 (Light)/(light)

PI 34:2 16:0–18:2 (Dark)/–

PI 34:3 18:3–16:0 (Dark)/–

PI 36:3 18:1–18:2, 18:0–18:3 Light/light

PI 36:4 18:2–18:2, 18:1–18:3 Light/light

PI 36:6 18:3–18:3 (Dark)/–

Total PI (Dark)/–

PE 36:3 18:0–18:3, 18:1–18:2 –/Light

PE 38:2 20:0–18:2 –/(Light)

PC 32:0 (Dark)/dark

PC 34:1 16:0–18:1 Light/light

PC 34:2 16:0–18:2 (Dark)/–

PC 34:3 16:0–18:3 Dark/(dark)

PC 34:4 16:1–18:3 Dark/(dark)

PC 36:2 18:0–18:2 > 18:1–18:1 Light/light

PC 36:3 18:1–18:2 > 18:0–18:3 Light/light

PC 36:4 18:2–18:2 > 18:1–18:3 (Light)/light

PC 36:5 18:3–18:2 Dark/(dark)

PC 36:6 18:3–18:3 Dark/dark

PC 38:2 –/Light

PC 38:3 20:1–18:2 > 20:0–18:3 –/Light

PC 38:6 Dark/–

PC 40:4 (Dark)/–

PC 40:5 (Dark)/–

Total PC (Dark)/–

(Continued)
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Table 1 | Continued

Lipid Fatty acyl species Time that the indicated

lipid is highest (see

legend for details)

PG 32:0 16:0–16:0 (Dark)/–

PG 32:1 16:0–16:1 Dark/dark

PG 34:1 18:1–16:0 > 16:1–18:0 Light/light

PG 34:2 18:2–16:0, 16:1–18:1 (Dark)/–

PG 34:3 18:3–16:0 > 16:1–18:2 Dark/(dark)

PG 34:4 18:3–16:1 Dark/–

Total PG Dark/–

MGDG 34:1 18:0–16:1 > 16:0–18:1 (Light)/light

MGDG 34:2 18:1–16:1 > 16:0–18:2 Light/light

MGDG 34:3 16:0–18:3, 18:2–16:1,

18:0–16:3, 18:1–16:2

Light/light

MGDG 34:4 18:3–16:1, 18:2–16:2,

18:1–16:3

Light/light

MGDG 34:5 18:3–16:2, 18:2–16:3 –/(Light)

MGDG 34:6 18:3–16:3 Dark/(dark)

MGDG 36:2 (Light)/light

MGDG 36:3 18:3–18:0 (Light)/(light)

MGDG 36:6 18:3–18:3 Dark/(dark)

Total MGDG Dark/–

DGDG 34:1 –/Light

DGDG 34:3 16:0–18:3 > 18:2–16:1 Dark/–

DGDG 34:4 Dark/–

DGDG 34:5 18:3–16:2 > 18:2–16:3 (Dark)/–

DGDG 34:6 18:3–16:3 Dark/–

DGDG 36:3 18:3–18:0, 18:2–18:1 (Dark)/–

DGDG 36:4 18:2–18:2, 18:1–18:3 (Dark)/–

DGDG 36:6 18:3–18:3 Dark/(dark)

DGDG 38:4 (Dark)/–

DGDG 38:6 20:3–18:3 Dark/dark

Total DGDG Dark/–

LPC 18:1 Light/light

LPC 18:2 –/(Light)

LPG 18:1 (Light)/light

Forty- to 46-day-old Arabidopsis thaliana plants, grown at 21˚C with a 12-h light/12-

h dark cycle were sampled 11 h into the dark and light periods for four dark–light

cycles.The experiment was repeated three times. For each experiment, data (five

biological replicates at each sampling point) from the dark periods were pooled,

and data from the light periods were pooled. Data from all three experiments

showing a significant difference (p < 0.05) in the same direction between dark

and light periods are indicated as “dark” or “light”; changes in two experiments

that were significant, with the third showing a change in the same direction, are

indicated as “(dark)” or “(light).” The significant effects shown in the third col-

umn are based on normalized lipid MS signal per extracted dry mass (listed first)

and percentage of normalized lipid MS signal (after slash); a hyphen indicates no

significance. Complete details are in Tables S1 and S2 in Supplementary Mate-

rial. Fatty acyl species in each class were determined previously (Welti et al.,

2002; Devaiah et al., 2006; Burgos et al., 2011; Samarakoon et al., 2012) and are

summarized in Samarakoon et al. (2012).

experiments) and PS (in all 3 experiments) classes were signifi-
cantly higher in the dark. These data confirmed the result of the

FIGURE 2 |Total lipid in each class at the end of the dark and light

periods. The data are from Experiment 1. (A) Minor diacyl polar lipids and
lysophospholipids, (B) Major diacyl polar lipids. The black bars represent the
levels at the end of the dark period and the light yellow bars represent the
levels at the end of the light period. The “D” symbol indicates that the
amount of normalized mass spectral signal per extracted dry mass was
significantly higher (p < 0.05) at the end of the dark period than at the end
of the light period in this experiment. n = 20 for dark; n = 19 for light.

initial experiment in which an increase in total PA in the dark was
observed (Figure 1). PA and PS were the only two classes in which
all significantly changed lipid species within the classes were higher
in the dark. This was true whether the data were normalized to
extracted dry mass or considered as percentage of total lipid signal.

On the other hand, regardless of the way the data were normal-
ized, the PC, PG, and MGDG classes included molecular species
that were significantly increased in the light period and others that
were significantly increased in the dark period (Figure 3; Table 1;
Tables S1 and S2 in Supplementary Material). PC 34:1, 36:2, 36:3,
and 36:4, PG 34:1, and MGDG 34:2, 34:3, 34:4, and 36:2 were con-
sistently higher in the light than in the dark. None of these lipid
species are desaturated to the fullest extent possible. Although
some of the total acyl carbon: total acyl carbon–carbon double
bond designations represent more than one compound, most of
these apparent molecular species include a combination of fatty
acyl species containing 18:1 (Table 1). In contrast, PC, PG, and
MGDG molecular species that are consistently higher at 11 h into
the dark period include PC 34:3, 34:4, 36:5, and 36:6, PG 34:4,
34:3, and MGDG 34:6 and 36:6. These lipids all include a fatty acyl
species combination containing 18:3 (Table 1).

The importance of unsaturation in distinguishing lipid compo-
sition in the light and dark periods is supported by examining the
loadings values from the Principal Component Analysis (Table S3
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FIGURE 3 | Lipid molecular species at the end of the dark and light

periods. The data are from Experiment 1. (A) PA, (B) PS, (C) PI, (D) PE, (E)

PC, (F) PG, (G) MGDG, (H) DGDG. The black bars represent the levels at
the end of the dark period and the light yellow bars represent the levels at
the end of the light period. The “D” symbol indicates that the amount of
normalized mass spectral signal per extracted dry mass was significantly
higher (p < 0.05) at the end of the dark period than at the end of the light
period in this experiment, while the “L” symbol indicates that the amount
of normalized mass spectral signal per extracted dry mass was significantly
higher (p < 0.05) at the end of the light period than at the end of the dark
period. n = 20 for dark; n = 19 for light. Note the break in the y -axis and the
change in scales above and below the break.

in Supplementary Material). These values indicate the lipids most
important in accounting for the variance in Factors 1 and 2. Factor
1 was related primarily to unsaturation, with positive values asso-
ciated with higher unsaturation; samples collected at the end of
dark period tended to have higher values of Factor 1. Factor 2 was
negatively related to the abundance of PS and PA species; samples
collected at the end of the dark period had higher levels of PS and
PA and tended to have lower values of Factor 2.

Collision induced dissociation time-of-flight MS (CID–TOF
MS) confirmed the changes in fatty acyl composition indicated
by changes in polar lipid molecular species composition. After
ESI of the lipid extract in negative mode, all ions were allowed to
pass into the collision cell of a quadrupole TOF mass spectrom-
eter without mass/charge (m/z) selection in the first quadrupole.

FIGURE 4 | Lysophospholipid molecular species at the end of the dark

and light periods. The data are from Experiment 1. (A) LPE, (B) LPC, (C)

LPG. The black bars represent the levels at the end of the dark period and
the light yellow bars represent the levels at the end of the light period. The
“L” symbol indicates that the amount of normalized mass spectral signal
per extracted dry mass was significantly higher (p < 0.05) at the end of the
light period than at the end of the dark period. N.D. indicates that LPE 18:0
and LPG 18:0 were not determined. n = 20 for dark; n = 19 for light. Note
the break in the y -axis and the change in scales above and below the break.

The lipid ions were fragmented as a group in the collision cell
and scanned by TOF MS. The negative-ion fragment spectrum
provides accurate m/z data of all fatty acyl chains in the sample.
Although the observed intensities may not be directly proportional
to the abundance of each acyl species in the original mixture, the
values allow comparison of the relative abundance of acyl species
among samples (Esch et al., 2007).

In Table 2, the CID–TOF MS data are presented as percentage
of total observed signal. Individual CID–TOF MS sample data are
supplied in the Table S8 in Supplementary Material in Excel for-
mat. The data clearly show that 18:3 and 16:3 fatty acyl chains were
higher at the end of the dark period, while 16:1, 16:2, 18:0, and 18:1
chains were higher in the light period. In particular, and consistent
with the results of Ekman et al. (2007), 18:1 was increased to a large
extent, here determined to be 53–70%, during the light period.

The higher levels of 18:1 during the light period were reflected
in consistent increases in the lysophospholipid species LPC 18:1
and LPG 18:1 in the light period (Table 1; Figure 4). PI molecular
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species followed a pattern similar to PC species, with 18:1-
containing species higher in the light and 18:3-containing species
higher in the dark. The PE class was the least affected by consistent
diurnal fluctuations.

Phosphatidic acid functions both as a biosynthetic precursor
and as a signaling molecule. As a biosynthetic precursor, PA 34:1
(16:0/18:1) or PA 36:2 (18:1/18:1) is formed de novo either within
the plastid or in the endoplasmic reticulum. The PA species that
were significantly higher in the dark were mainly highly unsat-
urated molecular species, perhaps not obviously consistent with
PA’s role as a biosynthetic precursor, so the possibility that some
portion of cycling PA was formed by hydrolysis of phospho-
lipids containing polyunsaturated fatty acids was considered. It
was hypothesized that temporal PA cycling might be due to the
action of phospholipase D (PLD), which can hydrolyze phospho-
lipids to form PA. If phospholipid hydrolysis were occurring in the
dark to a greater extent than in the light, removal of the hydrolyzing
enzyme should reduce the magnitude of the difference between PA
levels in dark and light. To begin to test this hypothesis, plants defi-
cient in three of the 12 phospholipase D gene products (Li et al.,

2009) were subjected to dark–light cycles along with the wild-
type plants in Experiments 1, 2, and 3, and their leaf lipids were
extracted and analyzed. The analyzed mutants included a PLDα1
knockout mutant (pldα1), a PLDα1-antisense-suppressed line, an
α-subunit-of-a-G-protein knockout mutant [gpa1, Gα suppresses
PLDα1 (Zhao and Wang, 2004)], PLDζ1 and PLDζ2 knockouts
(pldζ1 and pldζ2), and a double knockout of PLDζ1/ζ2. Table 3
shows that some of the mutants differed from wild-type plants in
basal leaf levels of PA. Additionally, in most cases, the mutants,
like wild-type plants, showed significantly lower levels of PA near
the end of the light period than near the end of the dark period.
This indicates that some PA cycling occurs in the mutants. How-
ever, when the magnitude of the difference in light and dark PA
levels was compared, significantly less change was observed for
total PA in leaves of PLDα1-antisense-suppressed plants than in
total PA in leaves of wild-type plants in Experiment 1. However,
in Experiment 2, no significant change in the magnitude of light–
dark PA difference was observed in PLDα1-antisense-suppressed
or in pldα1 vs. wild-type. In other words, the importance of
PLDα1 in producing the increased in PA in the dark, suggested in

Table 3 | Comparison of differences in dark and light leaf total PA levels for wild-type plants vs. plants defective in selected phospholipase Ds or

their regulation.

Normalized mass spectral signal per

extracted dry mass (signal per mg)

% Of total normalized mass spectral signal

Average

total PA

in dark

Average

total PA

in light

Dark and light

total PA

difference

(dark minus

light)

p Value for wild-type

dark and light

difference vs. mutant

dark and light

difference

Average

total PA

in dark

Average

total PA

in light

Dark and light

total PA

difference

(Dark minus

light)

p Value for wild-type

dark and light

difference vs. mutant

dark and light

difference

EXPERIMENT 1

Wild-type 0.849 0.537a 0.312 0.548 0.390a 0.158

PLDα1-

antisense-

suppressed

0.439b 0.362b 0.077 0.040 0.255b 0.236b 0.019 0.073

EXPERIMENT 2

Wild-type 0.481 0.352a 0.129 0.199 0.166 0.033

PLDα1-

antisense-

suppressed

0.443 0.262a,b 0.181 0.435 0.191 0.126a,b 0.064 0.311

pldα1 0.439 0.312a 0.127 0.971 0.186 0.132a 0.054 0.394

gpa1 0.839b 0.419a 0.420 0.029 0.347b 0.197a 0.149 0.044

EXPERIMENT 3

Wild-type 0.754 0.371a 0.383 0.379 0.203a 0.176

pldζ1 0.869 0.399a 0.470 0.646 0.447 0.212a 0.234 0.574

pldζ2 0.568b 0.370a 0.197 0.049 0.281b 0.196a 0.085 0.074

pldζ1/pldζ2

double mutant

0.515b 0.412 0.104 0.014 0.242b 0.217 0.026 0.010

Leaves of Arabidopsis thaliana plants, grown at 21˚C with a 12-h light/12-h dark cycle, were harvested 11 h into the dark and light periods. n = 17–20 for each group;

average values are shown. Superscript “a” indicates that the PA level at the end of the dark period was significantly different (p < 0.05) than that of the same genotype

at the end of the light period. Superscript “b” indicates that the PA levels in mutant plants differed from those of wild-type plants (p < 0.05) sampled under the same

conditions at the same time. p Values for comparison of mutant plant leaf PA dark and light difference are indicated with significant values (p < 0.05) indicated in bold

italics.
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Experiment 1, was not confirmed in Experiment 2. Still, in Exper-
iment 2, the gpa1 mutant had significantly greater PA light–dark
difference than wild-type. Since Gα suppresses PLDα1, deficiency
of Gα might accentuate PLDα1 activity. Taken together, Exper-
iments 1 and 2 provide a hint, but do not clearly indicate, that
PLDα1 may be contributing to higher levels of total PA in the dark
period of the diurnal cycle. In Experiment 3, the pldζ2 mutant
tended to have a smaller light–dark leaf total PA difference and the
pldζ1/pldζ2 did have a smaller light–dark leaf total PA difference
than wild-type, implying that PLDζ2 is contributing to the higher
total PA levels observed in wild-type in the dark. Analyzing larger
numbers of mutant and wild-type plants will be required to more
clearly delineate the role of each PLD gene product in diurnal leaf
PA cycling, but taken together, the data suggest PLD involvement.

DISCUSSION
The data support the conclusion of Ekman et al. (2007) that light
and time of day affect lipid composition in Arabidopsis leaves. The
results highlight the need for considering these factors in design
of lipid profiling experiments.

The CID–TOF MS data confirm previous results showing that
levels of 18:1 acyl chains in plant leaves are increased during the
light period of the diurnal cycle and 18:3 levels are increased in the

dark period (Browse et al., 1981; Ekman et al., 2007). Additionally
the data show that 18:0, 16:1, and 16:2 are higher at the end of the
light period and 16:3 is highest at the end of the dark period. The
CID–TOF MS data are generally in concert with data on apparent
molecular species obtained by direct infusion ESI triple quadru-
pole MS. ESI triple quadrupole MS data, determined at the level of
total acyl carbons: total carbon–carbon double bonds, are anno-
tated with individual acyl chains (Table 1); the individual chain
data were obtained through previous product ion analyses by our
group and others (Welti et al., 2002; Devaiah et al., 2006; Burgos
et al., 2011; Samarakoon et al., 2012). The only fatty acid chain with
CID–TOF MS-observed overall levels not easily predicted from the
molecular species analysis was 16:1. In Arabidopsis leaves,“16:1” is
a combination of fatty acids, including 7,8-cis-16:1, a biosynthetic
intermediate found in MGDG, and 3,4-trans-16:1, a biosynthetic
product found in PG. The data on MGDG and PG species (Table 1)
suggest that 7,8-cis-16:1 may be higher in the light (like total 16:1,
Table 2), while 3,4-trans-16:1 may be higher in the dark period.

Figure 5 depicts our interpretation of current thinking about
polar lipid biosynthetic pathways and indicates that the lipid pro-
file data presented here are consistent with the interpretation
that fatty acid chains continue to become more unsaturated in
the dark period, when fatty acid synthesis is slowed or stopped

FIGURE 5 | Metabolic pathway in plant polar glycerolipid biosynthesis,

based on Ohlrogge and Browse (1995), Bates et al. (2007, 2009), and

Benning (2009). The white area indicates lipid species that reach higher
levels at the end of the light period than at the end of the dark period, and the
blue area indicates lipids that are higher at the end of the dark period. The
lower section of the diagram represents reactions that take place in the plant
plastid and the upper section of the diagram represents reactions that take

place outside the plastid (in the endoplasmic reticulum). PC hydrolysis by PLD
is depicted on the upper right; among PLD gene products tested, PLDζ2 is
most clearly implicated in formation of PA in the dark. No attempt is made to
suggest specific details as to location within the plastidic or extraplastidic
(endoplasmic reticulum) sites. Details are discussed in the text. Abbreviations
not defined elsewhere include: ACP for acyl carrier protein, CoA for
Coenzyme A, DAG for diacylglycerol, and G3P for glycerol-3-phosphate.
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(Browse et al., 1981). The white areas in Figure 5 show reac-
tions that are temporally linked closely to fatty acid synthesis,
which takes place within the plastid. In the plastid, fatty acids
are sequentially transferred from acyl carrier protein (ACP) to
glycerol-3-phosphate (G3P) to form mainly PA 34:1 (18:1/16:0;
reviewed by Ohlrogge and Browse, 1995). PA 34:1 can be converted
to diacylglycerol (DAG) 34:1 or used to form PG 34:1 (18:1/16:0).
Fatty acid synthetic products, 16:0 and 18:1, can be transferred
to the endoplasmic reticulum where the activated fatty acids are
present as acyl CoAs (Ohlrogge and Browse, 1995). In the endo-
plasmic reticulum, 16:0 and 18:1 can be transferred sequentially
to G3P to form PA, which is dephosphorylated to DAG, and PC
can be synthesized from this DAG. If this occurs with 16:0 and
18:1 imported from the plastid, the PC products would be mainly
34:1 (16:0/18:1) and 36:2 (18:1/18:1). Side routes off the PA-to-PC
pathway can produce PI, PE, PG, or PS with the same saturated or
mono-unsaturated fatty acyl chains (Ohlrogge and Browse, 1995;
Yamaoka et al., 2011).

The initially formed plastidic PG, galactolipids, and extraplas-
tidically produced PC can be desaturated. The data show the later
metabolites in the plastidic lipid desaturation pathway (the path-
ways leading to PG 34:4, MGDG 34:6, DGDG 34:3, and DGDG
34:6) are at higher levels at the end of the dark period than at the
end of the light period, indicating that the final steps of plastidic
desaturation continue when plants are in the dark. The positions
of particular DGDG and MGDG species within their respective
biosynthetic pathways account for the observations that DGDG
34:3 is high in the dark, while MGDG 34:3 is high in the light.
Similarly, PG 32:1 is high in the dark because, when formed by
the minor pathway that converts PA 16:0/16:0 to PG 16:0/16:0 and
then to PG 16:0/3,4-trans-16:1, PG 32:1 lies at the terminal posi-
tion in the pathway. Outside the plastid, desaturation can occur
on PC, converting PC 34:1 sequentially to PC 34:2 to PC 34:3, and
PC 36:2, stepwise, to PC 36:6.

Bates et al. (2007, 2009) have shown that PC is subject to “acyl
editing,” or release of a fatty acid (or fatty acyl CoA) and LPC. LPC
can be acylated with a newly synthesized or released, activated acyl
chain, or the released fatty acyl chain, which may be polyunsatu-
rated, may be used to acylate G3P (or lysoPA). Rapid deacylation
of less unsaturated PC species, such as PC 34:1 or PC 36:2, present
at high levels in the light due to 16:0 and 18:1 synthesis, could pro-
duce LPC 18:1 and/or LPC 16:0 plus 16:0 and 18:1 or their CoA
derivatives in the light (Bates et al., 2007, 2009; Tjellström et al.,
2012). Indeed, LPC 18:1 was observed at a high level at the end of
the light period.

The incorporation of fatty acids released from PC into PA can
provide for the formation of PI, extraplastidic PG, PE, and PS with
polyunsaturated acyl chains (Bates et al., 2009). The data imply
that this pathway continues in the dark period; this accounts for
higher levels, particularly of PS species, in the dark. PS synthesis
from PE (Yamaoka et al., 2011) may take a particularly long time,
as it is toward the end of the synthetic sequence. “Eukaryotic”
MGDG and DGDG (MGDG 36:6 and DGDG 36:6) are formed
by import into the plastid and desaturation of primarily polyun-
saturated acyl components from PC (reviewed by Benning, 2009).
The data show that these species continue to be formed in the dark
period.

Many PA species were also found to reach high levels at the
end of the dark period. As just discussed, the observed cycling
of PA may be due to continued fatty acyl desaturation and the
incorporation of polyunsaturated fatty acyl chains into PA in the
dark, raising PA levels. Also, the PA may be utilized less readily
for synthesis of some membrane lipids in the dark than in the
light, potentially due to light-dependence of biosynthetic machin-
ery, causing PA levels to rise. Indeed, Yamaryo et al. (2003) found
that the action of MGDG synthase in cucumber cotyledons was
dependent on the presence of light. On the other hand, the large
magnitude of PA cycling in the diurnal cycle may suggest that
another mechanism, such as PLD activity, could be contributing
to PA production. Our data suggest that multiple mechanisms are
involved in light–dark differences in total PA levels. Knockout or
suppression of specific PLD genes does not remove light–dark dif-
ferences completely, but knockout of PLDζ2 appeared to reduce
light–dark differences in leaf total PA. PLDζs hydrolyze PC specifi-
cally (Li et al., 2006b), and the highly unsaturated acyl composition
of PA in the dark is consistent with the increase in PA being
in part derived from hydrolysis of unsaturated PC by PLDζ2.
Analysis of mutants related to PLDα1 function did not provide
conclusive results, but hinted that PLDα1 may also contribute
to observed PA diurnal changes. In terms of gene expression in
leaves of Columbia-0 accession grown on a 12-h light/12-h dark
cycle, neither PLDα1 nor PLDζ2 is expressed at higher levels in
the dark. While PLDζ2 expression does not vary with light and
dark, PLDα1 expression is slightly lower in the dark than in the
light (Bläsing et al., 2005); lower expression would seem to be
inconsistent with a role for PLDα1 in producing the observed
PA increases in the dark. However, the enzymatic activities of
PLDs are regulated by calcium binding, membrane-binding, and
Gα interactions (Wang, 2005); in general, these interactions are
more important in controlling PLD function than changes in gene
expression.

It is interesting to consider the potential functional ramifica-
tions of the diurnal lipid compositional changes. The increased
unsaturation of lipids formed in the dark, even at constant tem-
perature, may provide a functional advantage for a plant cop-
ing with the lower temperatures that typically occur at night;
plants subjected to cold generally do increase the unsatura-
tion of their membrane lipids (e.g., Welti et al., 2002). PA and
PS, both increasing at night, have the potential to regulate the
function of proteins and/or participate in signaling cascades
(Vance and Steenbergen, 2005; Wang et al., 2006). Homozy-
gous knockout mutants in Arabidopsis PHOSPHATIDYLSERINE
SYNTHASE1 have no PS and are infertile dwarves; heterozy-
gous plants have defects in microspore development (Yamaoka
et al., 2011). In mammals, PS regulates the function of signal-
ing proteins, including protein kinase C isoforms, cRaf1 pro-
tein kinase, and heat-shock protein Hsp70 (reviewed by Vance
and Steenbergen, 2005). PA is known to bind to a variety
of plant signaling proteins, including protein phosphatase 2C-
like, ABI1, 3′-phosphoinositide-dependent kinase 1, AtPDK1, and
Ca2+-dependent protein kinase CDPK (reviewed by Wang et al.,
2006). Future analysis of lipid composition at the cellular and
subcellular levels will be useful in dissecting the roles of lipid
cycling.
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Phosphatidic acid (PA) is an important intermediate in membrane lipid metabolism that acts
as a key component of signaling networks, regulating the spatio-temporal dynamics of the
endomembrane system and the cytoskeleton. Using tobacco pollen tubes as a model,
we addressed the signaling effects of PA by probing the functions of three most relevant
enzymes that regulate the production and degradation of PA, namely, phospholipases D
(PLD), diacylglycerol kinases (DGKs), and lipid phosphate phosphatases (LPPs). Phyloge-
netic analysis indicated a highly dynamic evolution of all three lipid-modifying enzymes
in land plants, with many clade-specific duplications or losses and massive diversifica-
tion of the C2-PLD family. In silico transcriptomic survey revealed increased levels of
expression of all three PA-regulatory genes in pollen development (particularly the DGKs).
Using specific inhibitors we were able to distinguish the contributions of PLDs, DGKs, and
LPPs into PA-regulated processes. Thus, suppressing PA production by inhibiting either
PLD or DGK activity compromised membrane trafficking except early endocytosis, dis-
rupted tip-localized deposition of cell wall material, especially pectins, and inhibited pollen
tube growth. Conversely, suppressing PA degradation by inhibiting LPP activity using
any of three different inhibitors significantly stimulated pollen tube growth, and similar
effect was achieved by suppressing the expression of tobacco pollen LPP4 using anti-
sense knock-down. Interestingly, inhibiting specifically DGK changed vacuolar dynamics
and the morphology of pollen tubes, whereas inhibiting specifically PLD disrupted the actin
cytoskeleton. Overall, our results demonstrate the critical importance of all three types of
enzymes involved in PA production and degradation, with strikingly different roles of PA
produced by the PLD and DGK pathways, in pollen tube growth.

Keywords: phosphatidic acid, pollen tube, phospholipase D, diacylglycerol kinase, lipid phosphate phosphatase,

tobacco, signaling, tip growth

INTRODUCTION
The pollen grain of flowering plants germinates on a receptive
stigma and develops a pollen tube that grows through the pistil
toward the ovules, thus serving as a courier that delivers the sperm
cells to the embryo sac. For successful fertilization to occur, the
pollen tube must accomplish two main goals – to elongate effec-
tively and to navigate its way in the desirable direction. To achieve
this, pollen tubes perform a specialized type of cell expansion
called “tip growth” in which all growth occurs in a single region,
the apical part of the tip-growing cell. Besides pollen tubes, other
cell types such as root hairs, fungal hyphae, and neuronal cells
likewise elongate by tip growth, sharing conserved mechanisms
that bring about this type of growth. A crucial aspect of tip growth
is the establishment of a unique growth domain at the plasma
membrane, the maintenance of which and also the accompanying

membrane trafficking require appropriately regulated lipid sig-
naling (reviewed in Malhó et al., 2006; Žárský and Potocký, 2010;
Zonia, 2010).

Lipid signaling employs various messenger molecules that
carry out communication between the plasma membrane, the
endomembrane compartments, and the cytoplasm. This com-
munication system is based on specific lipids as messengers and
enzymes responsible for their production and degradation. Phos-
phoinositides (PPIs) together with various kinases and phos-
phatases were described as specific lipids and enzymes with sig-
naling functions earlier (Martin, 1998). In addition to PPIs, the
simplest phospholipid, phosphatidic acid (PA), has emerged as an
important signaling molecule that plays a fundamental role in a
variety of biotic and abiotic stresses such as wounding, pathogen
attack, salinity, drought, and cold (Bargmann and Munnik, 2006;
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Testerink and Munnik, 2011). Moreover, PA has been shown to
play a critical role in the regulation of tip growth in pollen tubes
and root hairs (Ohashi et al., 2003; Potocký et al., 2003; Monteiro
et al., 2005). Two major, distinct signaling pathways contribute
to the production of PA (Kooijman and Testerink, 2010). One is
a direct cleavage of structural phospholipids by phospholipase
D (PLD), and another is a sequence of reactions catalyzed by
phospholipase C (PLC) and diacylglycerol kinase (DGK). Cel-
lular PA levels may be attenuated either through dephosphory-
lation to diacylglycerol (DAG) by PA phosphatase (reviewed in
Nakamura and Ohta, 2010) or through phosphorylation to dia-
cylglycerol pyrophosphate (DGPP) by a PA kinase that awaits
molecular characterization (van Schooten et al., 2006). PA acts
as a membrane-localized signal, affecting downstream responses
by binding specific protein targets including a variety of pro-
tein kinases, phosphatases and specific proteins involved in vesicle
trafficking or regulation of the actin cytoskeleton (Testerink and
Munnik, 2011). As a structural membrane lipid, PA also affects
the biophysical properties of the plasma membrane because of
its negative charge and a cone- like shape, which promotes mem-
brane curvature (Kooijman et al., 2003; Testerink and Munnik,
2011).

Phospholipases D are ubiquitous eukaryotic enzymes that
cleave structural phospholipids, releasing PA and a free polar head-
group. Plants employ two distinct subfamilies of canonical PLDs,
a C2-domain-containing subfamily and the PX- and PH-domain-
containing subfamily. Moreover, the C2-domain-containing sub-
family forms at least five different subclasses with specific bio-
chemical and functional properties. We have shown that PLD
activity is crucial for the regulation of pollen tube growth (Potocký
et al., 2003; Pleskot et al., 2010).

In the alternative pathway of PA production, PLC first produces
DAG by cleaving either phosphatidylinositol (4,5)-bisphosphate
(PI-specific PLCs) or structural phospholipids (non-specific
PLCs). DAG can be subsequently phosphorylated by DGK to PA.
The main signature of DGKs is the presence of two domains,
the DGK catalytic motif and the DGK accessory kinase motif.
Moreover, some DGK isoforms, mainly those in metazoa, con-
tain additional regulatory motifs, including C1 domain, calcium-
binding EF hand motif, ankyrin repeats, PH-domain, and oth-
ers. Although DGK was originally described in the 1980s and
the first human DGK was cloned in the 1990s (for review see
Mérida et al., 2008) only a handful of more recent studies
have described the role of DGKs in plants, mainly in the con-
text of various stress responses (Ruelland et al., 2002; Gómez-
Merino et al., 2004, 2005; Arisz et al., 2009; Arisz and Munnik,
2011).

As for any signaling mediator, PA levels must be appropri-
ately regulated to achieve temporal and spatial control of signal-
ing. For down-regulation, the activity of PA phosphatase can be
mediated by genes from two different families, lipins and lipid
phosphate phosphatases (LPPs). Both families have homologs in
mammals, fungi, and plants. Lipin activity is Mg2+-dependent
and PA-specific (Donkor et al., 2007). The Arabidopsis genome
contains two lipin homologs, Pah1 and Pah2, which seem to
act in the eukaryotic pathway of glycerolipid metabolism, espe-
cially during phosphate depletion. The two proteins provide

DAG for further utilization in the inner membranes of plas-
tids (Nakamura et al., 2009). LPPs are membrane-bound pro-
teins that contain six transmembrane domains and three con-
served motifs. LPPs have broader substrate specificity than lip-
ins, with some isoforms utilizing both DGPP and PA, whereas
others have a strong preference for a particular phospholipid.
Arabidopsis has four LPP genes with clear homology to mam-
malian and yeast genes. AtLPP1 is a DGPP-preferring enzyme
induced by stresses and elicitors, whereas AtLPP2 shows no pref-
erence for either DGPP or PA. AtLPP3 and AtLPP4 remain to be
characterized (Nakamura and Ohta, 2010). Arabidopsis genome
also encodes five genes that share several conserved amino-acid
residues with canonical eukaryotic LPPs and are homologous
to cyanobacterial genes (therefore termed prokaryotic LPPs).
Three of these are localized to plastids where they are thought
to play a role in general lipid metabolism (Nakamura et al.,
2007).

To date, only the activity of PLD has been studied in the con-
text of pollen tube tip growth (Potocký et al., 2003; Monteiro et al.,
2005) while there are no data on the role of DGK or LPP. Since these
enzymes belong to multi-gene families, it is advantageous to use
pharmacology to investigate the general role of the entire enzyme
family. In the present work, we employed this approach to study
the turnover of PA mediated by the PLD, DGK, and LPP pathways
in tobacco pollen tubes. We used inhibitors that are known to affect
specifically different enzymes involved in PA signaling. In partic-
ular, we used n-butanol (n-ButOH) to inhibit PLD-produced PA
(Ella et al., 1997; McDermott et al., 2004), the compound R59022
to inhibit DGK (Ruelland et al., 2002; Gómez-Merino et al., 2004,
2005) and several known inhibitors of eukaryotic LPP activity
such as NEM, PG, and propranolol (Meier et al., 1998; Furneisen
and Carman, 2000). We show that these inhibitors have distinct
effects on the growth of the pollen tube as well as on the morphol-
ogy and the dynamics of various cellular structures. The results
indicate that distinct PA signaling pools are present in the tip
of a growing pollen tube where they modulate various cellular
processes.

RESULTS
THE EVOLUTION OF KEY PA SIGNALING GENES SHOWS A HIGH
DIVERSITY IN THE PLANT KINGDOM
In order to elucidate the pattern of PA signaling in pollen tubes,
we analyzed the evolution and gene expression of PLDs, DGKs,
and LPPs, focusing on multicellular “higher” plants with cells that
exhibit tip growth.

Plant PLDs comprise the most expanded group from all the
genes analyzed. This family can be divided into two well-supported
clades corresponding to the C2-PLD and PXPH-PLD subfami-
lies (Figure 1A). Our initial sequence analysis suggested the C2-
PLDs form two main classes, named after the first-characterized
members, namely, the PLDα-like class and the β/γ/δ-class (Eliáš
et al., 2002). These two classes differ also in their gene struc-
ture, with the α-class genes usually consisting of three or four
exons whereas genes of the β/γ/δ-class have 10 exons. Our data
show that this diversification is probably conserved across all land
plants since members of both classes are found in Physcomitrella
and Selaginella. In the β/γ/δ-class there are four moss genes and
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two lycophyte genes, and the α-class contains three genes from
Selaginella and five genes from Physcomitrella. Exon–intron struc-
ture and all conserved sequence blocks are well preserved for both
classes among angiosperm, moss, and lycophyte genes. Unexpect-
edly, Physcomitrella and Selaginella PLDs do not form the most
basal branches within the 3-exon or 10-exon C2-PLDs but instead
cluster together with conventional PLDα and PLDδ subclasses,
respectively (with the exception of PpatPLDα5).

Both Selaginella and Physcomitrella PLDs further multipli-
cated independently after the separation of mosses, lycophytes,
and seed plants. Rapid diversification of C2-PLDs is evident
also from the evolution of angiosperm orthologs. In eudicots,
some subclasses originally defined in Arabidopsis are well con-
served in all analyzed species. Thus, homologs of PLDα1-2,
PLDα3, PLDε, PLDβ1-2, and PLDδ are found also in poplar
and Medicago, although multiple duplications within these
clades are frequently observed. Conversely, other PLD sub-
classes have an uneven distribution, for example, 10-exon PLD
class named PLDν and defined originally for rice has clear
orthologs in both poplar and Medicago but not in Arabidopsis.
On the other hand, no members of the PLDγ-subclass could
be found outside the Brassicaceae. As mentioned above, one
moss PLD gene (PpatPLDα5) has been placed outside the typi-
cal PLDα-class but significant bootstrap support is lacking and
neighbor-joining analysis suggested different topology (data not
shown).

In contrast to the C2-type PLDs, plant PXPH-type PLDs rep-
resent a much smaller subfamily showing a distribution that cor-
responds to species evolution, with moss and lycophyte sequences
occupying the base of the subtree followed by the angiosperm
branch (Figure 1A). Most of the examined species contain two
PXPH-type PLD genes. The ancestor land plant probably had
one copy of the PXPH-PLD in the genome and duplications
occurred independently after the diversification in the lines leading
to mosses, lycophytes, eudicots, and monocots.

Similarly to the plant PLDs, plant DGKs also form two distinct
subfamilies. Members of the first subfamily contain a predicted
transmembrane helix and two C1 domains in addition to the cat-
alytic motifs. Genes in this C1-type DGK class cluster into two
well-supported classes. Selaginella DGK1 is located inside the tree,
similarly to the evolution of the C2-PLDs. Surprisingly, we have
not found a C1-type DGK in the genome of Physcomitrella patens.
The second subfamily of DGKs contains just the catalytic motifs
and is more expanded than the C1-type DGK. This subfamily
also forms two classes but generally with much more clear rela-
tionships following organismal evolution, with Physcomitrella and
Selaginella DGKs forming the basal branches of the evolutionary
tree (Figure 1B).

Plant canonical LPPs form a small-size family of very highly
conserved genes (Figure 1C). Generally, LPP phylogeny follows
plant evolution, with many independent duplications and losses in
different species. We found five LPP-encoding genes in the genome
of Physcomitrella, which forms the base of the phylogenetic tree of
plant LPPs together with three genes from Selaginella. However,
the relationship between these basal clades is not clear because of
a lack of statistical support. Four Arabidopsis LPP genes cluster
into two separate clades together with other investigated eudicots

A

B C

FIGURE 1 | Phylogenetic analysis of plant PLDs (A), DGKs (B), and LPPs

(C). All trees represent the protein maximum likelihood (ML) phylogeny of
particular genes. Numbers at nodes correspond to the approximate
likelihood ratio test with the SH-like (Shimodaira–Hasegawa-like) support
from ML (top) and posterior probabilities from Bayesian analysis (bottom).
Missing values indicate support below 50%, a dash indicates that a
different topology was inferred by Bayesian analysis. Circles represent
100% support by both methods. Branches were collapsed if the inferred
topology was not supported by both methods. The tree in (A) was rooted
using human PLD1 as an outgroup; the trees in (B) and (C) were rooted
using human DGKε and yeast LPP1, respectively. Scale bars indicating the
rates of substitutions/site are shown in corresponding trees. Species
abbreviations: Atha, Arabidopsis thaliana; Mtru, Medicago truncatula; Osat,
Oryza sativa; Ppat, Physcomitrella patens; Ptri, Populus trichocarpa; Smoe,
Selaginella moellendorffii ; Sbic, Sorghum bicolor.
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LPP genes including Populus and Medicago. Monocot genes also
form two clades, one with a high statistical support and another
one with unresolved relationship to other sequences.

EXPRESSION ANALYSIS OF ARABIDOPSIS GENES ENCODING PLDs,
DGKs, AND LPPs
Given that our work focuses on the role of PA in the regula-
tion of pollen tube growth, we were interested in the expression
levels of genes coding for PLD, DGK, and LPP in various plant
organs as well as pollen. We used the Genevestigator tool1 to
obtain these data for Arabidopsis (Figure 2A). Intriguingly, most
of the genes coding for DGK and LPP are strongly expressed in
pollen, and two genes, DGK4 and LPP4, appear to be pollen-
specific. Although only a half of the genes from the PLD family
are expressed in pollen, four genes are strongly expressed. PLDα2,
β1, and δ are almost exclusively present in pollen and PLDξ1 is
widely expressed throughout all studied organs. Similar observa-
tions can be drawn from the analysis of rice pollen transcriptome
(Wei et al., 2010). Furthermore, the available pollen proteomic
data show very good agreement between PLD, DGK, and LPP
genes transcribed in pollen and the presence of translated pro-
teins (Figure 2B). Together, these data indicate possible functional
conservation of these genes in flowering plants. This is also cor-
roborated by our previous finding showing a similar pattern of
expression of C2-PLDs in tobacco (Pleskot et al., 2010).

PHARMACOLOGICAL MANIPULATION OF PA LEVELS SHOWS THE
INVOLVEMENT OF PLD, DGK, AND LPP PATHWAYS IN POLLEN TUBE TIP
GROWTH
The discovery of PA as a signaling molecule that controls polar
expansion of pollen tubes (Potocký et al., 2003) rises the ques-
tion of the potential target(s) of PA action. We employed available
inhibitors of the key enzymes in PA production/degradation path-
ways to study potential distinct PA signaling pools and their likely
targets. We used n-ButOH as an inhibitor of PLD-produced PA,
R59022 as an inhibitor of DGK, and NEM, PG, and propranolol as
inhibitors of PA phosphatase activity. Initially, we were interested
if these inhibitors have an effect on pollen tube growth. Identically
to our previous results (Potocký et al., 2003), we observed that n-
ButOH inhibited pollen tube growth in concentration-dependent
manner. Similarly, we found a strong, concentration-dependent
inhibition of tobacco pollen tube growth after application of the
DGK inhibitor R59022. Even the lowest concentration of R59022
(25 μM) caused a dramatic inhibition of pollen tube growth to
approximately 30% of that in controls (Figure 3A). In striking
contrast, applications of the various LPP inhibitors promoted
the growth of the pollen tubes (Figures 3B–D), similarly to the
promontory effect of exogenously added PA that we showed pre-
viously (Potocký et al., 2003). Furthermore, a short pre-treatment
of pollen tubes with either PG or NEM counteracted growth arrest
mediated by n-ButOH (data not shown).

In subsequent experiments, we used 0.5% n-ButOH, 50 μM
R59022, 50 μM dioctanoyl-PA, and 50 nM NEM. For all exper-
iments, additional control treatments with 0.5% t -ButOH or

1www.genevestigator.ethz.ch

DMSO were performed. Since they were indistinguishable from
cells treated with medium alone, for the sake of brevity, we omitted
them from the figures.

REDUCTION IN PA LEVEL DISRUPTS MEMBRANE TRAFFICKING BUT
NOT EARLY ENDOCYTOSIS
Given that for tip-growing cells vesicular traffic is crucial for the
delivery of cell wall-building material to the apex, we tested the
effect of inhibitors of PA signaling on this process. We employed
the amphiphilic styryl dye FM 1-43, which has been used success-
fully to monitor endo- and exocytosis in Lilium and Agapanthus
pollen tubes (Parton et al., 2001; Camacho and Malhó, 2003). The
FM 1-43 staining pattern in control tobacco pollen tubes was strik-
ingly similar to the reported images, indicating that the FM 1-43
dye is suitable for monitoring endomembrane trafficking in our
experiments (Figure 4).

To test the involvement of PA turnover in early endocytosis, we
examined the effect of n-ButOH, R59022, and NEM on internal-
ization of FM 1-43. After 10 min incubation with 2 μM FM 1-43
on ice, fluorescent signal was located uniformly along the pollen
tube plasma membrane (data not shown). Regardless of treat-
ment, we have not observed any difference in internalization of
FM 1-43 during the first 1.5 min, when almost immediately mobile
intracellular spots, presumably representing components of early
endosomal machinery, started to appear in the subapical region
(Figure 4A). In control cells, the dye was initially localized to

A

B

FIGURE 2 | Expression analysis of Arabidopsis genes encoding PLDs,

DGKs, and LPPs. (A) Expression data for selected genes for specific
organs were retrieved from Genevestigator (www.genevestigator.ethz.ch).
Scale bar at the bottom of the figure indicates relative levels of expression
potential. (B) Presence of PLD, DGK, and LPP proteins in mature pollen
based on the study of Grobei et al. (2009).
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A B

C D

FIGURE 3 |The DGK inhibitor R59022 inhibits pollen tube growth,

whereas the LPP inhibitors NEM, PG, and propranolol promote pollen

tube growth. Pollen tubes were incubated for 90 min in germination medium
supplemented with specified concentrations of R59022 (A), NEM (B), PG (C),
and propranolol (D). The pollen tubes were then fixed with 3.7%

formaldehyde and the length of pollen tubes was measured. At least 120 cells
were measured for each treatment in two independent experiments. Data
represent the average pollen tube length ± SEM. Significant difference from
the control samples is indicated by an asterisk (ANOVA, Kruskal–Wallis test,
p < 0.05).

endocytic compartments, although an inverted-cone-like stain-
ing pattern, presumably consisting of endo- and exocytic vesicles,
was formed at the cell tip within 20 min. A similar pattern was
observed in cells treated with NEM or PA. In contrast, pollen
tubes treated with either n-ButOH or R59022 never formed an
inverted-cone, but instead the FM 1-43 dye accumulated along the
sides of the tube in the subapical region about 10–15 μm back
from the cell tip. This pattern became even more pronounced over
time. Interestingly, this pattern corresponds to the zone of max-
imal clathrin-coated endocytosis as described by Derksen et al.
(1995) and Moscatelli et al. (2007).

We also tested the involvement of PA signaling in intracellular
membrane trafficking after an extended FM 1-43 staining, which
also labels exocytotic events (Zonia and Munnik, 2008). The cells
were first incubated with FM 1-43 for 90 min and then treated
with a drug for 10 min, after which the distribution of the signal
was examined (Figure 4B). In this case, we again saw no differ-
ence between control cells and application of either NEM or PA.

However, both n-ButOH and R59022 again caused the loss of the
inverted-cone and accumulation of the dye along the sides of the
tube in the subapical region.

SUPPRESSION OF PA SIGNALING ALTERS THE DEPOSITION OF
PECTINS AND CALLOSE AT THE CELL WALL
Since the modulation of PA levels resulted in profound changes
in membrane trafficking, and given the finding that the cell wall
at the growing tip is mainly formed by secreted pectins (Geit-
mann and Steer, 2006), we employed the Ruthenium red dye
(Ischebeck et al., 2008) to study the effect of inhibitors of PA
signaling on the deposition of pectins. In control cells, Ruthe-
nium red labeled strongly the very tip (Figure 5A). In cells treated
with NEM and PA, there was an increase in the intensity of the
apical signal (Figures 5A,B), suggesting an enhanced secretion
of pectins after PA elevation. In contrast, n-ButOH and R59022
caused a complete loss of the apical signal. Moreover, in the
case of R59022, we consistently found large punctuate structures
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A B

FIGURE 4 |The PLD antagonist n-ButOH and DGK inhibitor R59022

disrupt internalization of the endomembrane tracer dye FM 1-43. (A)

Ninety-minute-old pollen tubes were pre-incubated in germination medium
on ice for 10 min, and 2 μM FM1-43 dye together with a particular drug or
PA were then simultaneously added and the cells monitored for 30 min.
Representative pollen tubes observed at two times are shown. (B)

Alternatively, pollen tubes were incubated in germination medium
containing 2 μM FM1-43 for 90 min, a particular drug or PA were then
added for 10 min and the cells were observed with a confocal microscope.
At least 15 cells were analyzed for each treatment in four independent
experiments and typical examples are shown. Scale bar = 10 μm.

with a pectin-positive signal in the cytoplasm throughout the
whole cell.

Unlike pectins, callose is a polysaccharide synthesized by callose
synthase present in the plasma membrane. The activity of callose
synthase is located in the subapical region and extends back to the
shank of the pollen tube (Geitmann and Steer, 2006). To visualize
callose, we employed Aniline blue staining (Ischebeck et al., 2008).
Control cells showed a signal corresponding to the described local-
ization of callose synthase. We have never seen callose signal at the
very tip of the pollen tube. We found a similar pattern after treat-
ments with R59022, NEM, or PA. However, we often observed a
protrusion of callose staining toward the apex in cells treated with
n-ButOH (Figures 5A,B).

INHIBITION OF DGK CHANGES VACUOLAR DYNAMICS AND
MORPHOLOGY IN TOBACCO POLLEN TUBES
Signaling phospholipids were previously proposed to play a role
in the maintenance of endomembrane integrity including vac-
uoles (Yamamoto et al., 1995). We therefore examined the potential
role of PA signaling in vacuolar dynamics and morphology in the
tobacco pollen tube. After applying the recently described fluores-
cent vacuolar marker carboxy-DCFDA, which was used for studies
of lily pollen tubes (Lovy-Wheeler et al., 2007), we observed fine,
dynamic, thread-like vacuolar strands distributed throughout the
shank of the tobacco pollen tube (Figure 6), an architecture sim-
ilar to that described for lily. Similar patterns were seen in cells
treated with NEM and PA. In case of n-ButOH we again saw

A

B

FIGURE 5 |The altering of the PA levels affects the deposition of cell

wall material. (A) Ninety-minute-old pollen tubes were stained with
Ruthenium red dye for pectins or with Aniline blue for callose. Triangles
mark the callose-free region. (B) The effects of altering the PA levels on
pectin and callose deposition were quantified by ImageJ software. At least
16 cells were analyzed for each treatment in three independent
experiments. Significant difference from the control samples is indicated by
an asterisk (ANOVA, Tukey–Kramer test, p < 0.05). Scale bar = 10 μm.

vacuolar thread-like strands but these strands protruded to the
apical region, which we have not seen in the controls. Intriguingly,
R59022 caused a dramatic change in the vacuole morphology, with
the vacuolar strands aggregated and protruding toward the apex.
The vacuolar aggregates were also visible in the light microscope
using Nomarski optics.

ACTIN POLYMERIZATION IS SPECIFICALLY REGULATED BY
PLD-DERIVED PA
We previously identified a relationship between actin microfila-
ments and PLD-formed PA, and described a direct interaction
between actin and tobacco PLDβ1, which is specific for this process
(Pleskot et al., 2010). To examine a putative involvement of the
PLC/DGK pathway in the regulation of actin dynamics, here we
treated pollen tubes with PLD, DGK, and LPP inhibitors and then
visualized the actin cytoskeleton by Alexa Fluor 633 Phalloidin
labeling according to Pleskot et al. (2010). Control cells exhib-
ited long actin cables oriented longitudinally in the shank and a
fringe-like structure in the subapical region (Figure 7), similar to
published observations (Lovy-Wheeler et al., 2005; Pleskot et al.,
2010). Treatment with 0.5% n-ButOH for 20 min, however, led
to a dramatic disintegration of actin filaments (Figure 7; Pleskot
et al., 2010); the effect of n-ButOH was very fast, causing distinct
actin disruption already within 5 min of application. Treatment
with R59022 for 20 min did not affect actin organization. Appli-
cation of NEM often increased the intensity of the actin signal,
similarly to the effect of applied PA (Pleskot et al., 2010).
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FIGURE 6 | Pharmacological inhibition of DGK causes changes in

vacuolar morphology. Ninety-minute-old pollen tubes were stained with
the vacuolar marker 1 μM carboxy-DCFDA for 5 min and then transferred
either to a control medium or media containing a particular drug or PA for
15 min. Subsequently, the pollen tubes were imaged with a confocal
microscope. At least 20 cells were analyzed for each treatment in four
independent experiments and typical examples are shown. Scale
bar = 10 μm.

PLD INHIBITION AFFECTS POLLEN TUBE CYTO-ARCHITECTURE AND
INTRACELLULAR DYNAMICS
It has been suggested that the spatio-temporal flow of secretory
vesicles in tip-growing pollen tubes is regulated by tightly tuned
actin dynamics and organization (Kroeger et al., 2009). Since we
have demonstrated the role of PLD-derived PA in the regulation of
actin polymerization, our next step was to investigate the connec-
tion between PLD-derived PA and particle movement in the grow-
ing tip. To study this in real time, we used video-enhanced contrast
microscopy (Ovečka et al., 2008). In control tobacco pollen tubes,
we observed the typical cyto-architecture with a V-shaped tip
region ∼4 μm long and free of larger organelles (Figure 8A).
Most of this clear-zone was filled with rapidly moving particles
which were hardly discernible on still images. The motion of larger
organelles was slower and displayed typical reverse fountain-like
movement.

FIGURE 7 | PLD-derived PA is specifically involved in the regulation of

the actin dynamics. Pollen tube cultures (90 min after imbibition in sucrose
medium) were treated with a particular drug, PA or the corresponding
volume of control solution for 5 or 20 min before fixation. The actin
cytoskeleton was visualized by Alexa Fluor 633 Phalloidin as described in
Pleskot et al. (2010). At least 20 cells were analyzed for each treatment in
three independent experiments and typical examples are shown. Scale
bar = 10 μm.

Intriguingly, when the cells were supplied with medium alone,
within 4 min after addition we routinely observed rapid, partial
loss of the pollen tube polarity. This depolarization was transient
and lasted for only ∼4–6 min. Typically, the pollen tube under-
went partial swelling, followed by a period of slower growth and
then normal tip polarity and growth rate resumed, occasionally
establishing a new growth direction. Similar behavior was some-
times observed also in cells without any treatment, indicating that
mechanical stress caused by transfer of pollen tubes from cul-
ture to microscope slide was the likely source of the transient
depolarization.

In striking contrast, addition of the PLD inhibitor n-ButOH
did not invoke cell depolarization but instead resulted in rapid
retardation and eventually a complete stop of pollen tube growth
(Figures 8A,B). The clear-zone gradually diminished and the
larger organelles invaded the tip region. It is noteworthy that cyto-
plasmic streaming continued in n-ButOH-treated pollen tubes in
a manner indistinguishable from streaming in controls. A similar
pattern of growth cessation was seen after the addition of R59022
(Figure 8B and data not shown).

The addition of 50 μM PA swiftly boosted the elongation of
tobacco pollen tubes, suggesting an almost instant effect of PA on
elongation rates (Figures 8A,B). We were unable to image pollen
tubes earlier than 2 min after the treatment because of techni-
cal difficulties when attempting experiments with direct perfusion
of PA into pollen tubes. Interestingly, unlike control cells, pollen
tubes treated with PA did not undergo the transient depolarization
seen in the controls and maintained an undisturbed morphology,
suggesting that elevated concentration of PA somehow protected
the cell from stress-induced depolarization.

Having established the existence of rapid changes in the clear-
zone after n-ButOH or PA treatments, we then attempted to
analyze the intracellular movement of particles in the apical zone.
In control cells, the particles moved with average velocities of
∼2.5 μm/s (Figure 9A). This value is close to the results obtained
for Picea pollen tubes (Wang et al., 2006) and tobacco root hairs
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(Šamaj et al., 2002). The movement rates in control cells remained
constant during the experiment. We were unable to distinguish any
prevalent direction of particle movement, which would require the
collection of a large amount of data to form a clear conclusion.
In contrast to control cells, addition of either 0.5% n-ButOH or
50 μM PA caused significant changes in the dynamics of parti-
cles at the tip. PLD inhibition caused progressive slowing-down
of movement of the particles, which often resembled random
oscillations. On the other hand, addition of PA resulted in fast
acceleration of the tip-localized particles within 2 min, reaching
an average velocity of 3.2 μm/s. This effect was restricted to the
apical region; when we measured velocities of the large organelles
in the shank we did not see any effect (Figure 9B). Collectively,
these data suggest that manipulating PLD-derived PA levels affects
the growth rate of the pollen tube by regulating the dynamics of
the particles in the apex.

A

B

FIGURE 8 | Alterations in PA levels in tobacco pollen tubes result in

changes in the growth and architecture of the cell. (A) Time-series
analysis of pollen tubes treated with n-ButOH or PA by video-enhanced
contrast microscopy. Ninety-minute-old cells were treated with 0.5%
n-ButOH, 50 μM PA, or control medium and imaged after indicated times.
The image field for control cells had to be shifted after 8 min of imaging and
the starting position of the pollen tube tip after the shift is marked. At least
six pollen tubes were imaged for each treatment and representative
pictures are shown. (B) Growth rates of cells after treatments with
n-ButOH, R59022 or PA. Data points represent the mean values of at least
six pollen tubes ± SEM. Significant difference from the control samples is
indicated by an asterisk (ANOVA, Tukey–Kramer test, p < 0.05). Scale
bar = 5 μm.

Complementary to the analysis of living cells, we examined
the effect of PLD inhibition on pollen tubes at ultrastructural
level. Although the ideal method for fixation of highly dynamic
cells would be freeze fixation/substitution, unfortunately pollen
tubes incubated with primary or tertiary alcohols necessary for
the procedure showed burst tips. We therefore used the tradi-
tional, albeit more artifact-prone chemical fixation. Nevertheless,
Figure 10 shows that control samples display all characteristic fea-
tures of normally growing pollen tubes. These include the typical
shape of the apical dome, accumulation of secretory vesicles at the
apex that form the typical“inverted-cone”structure, and exclusion
of larger organelles like mitochondria and Golgi bodies from the
very tip.

The ultrastructural features of cells incubated for 15 min in
0.5% n-ButOH are consistent with the findings from the video-
enhanced contrast microscopy. Most notably, the number of secre-
tory vesicles in the tip is dramatically reduced (Figure 10B), typical
zonation of organelles in the pollen tube is lost, and mitochondria
together with other big organelles are relocated to the extreme
apex. Moreover, a thickened cell wall could be observed in the tip
region of n-ButOH-inhibited cells. Recently, the ultrastructure of
Agapanthus pollen after PLD inhibition was reported (Monteiro
et al., 2005). The authors also observed loss of secretory vesicles
from the tip and bigger organelles protruding toward the apex.
In contrast, massive swelling of Agapanthus pollen tubes induced
by n-ButOH was not observed in tobacco. This discrepancy may
result from experimental differences since Monteiro et al. (2005)
used 30 min incubation in 0.75% n-ButOH, or it may reflect
species differences.

KNOCK-DOWN OF TOBACCO POLLEN LPP GENE EXPRESSION
PROMOTES POLLEN TUBE GROWTH
To further confirm the outcomes of the pharmacological approach,
we employed antisense knock-down strategy which has been suc-
cessfully used by our group and others to specifically knock-down

A B

FIGURE 9 | Changes in particle dynamics in pollen tubes in response to

altered PA levels. (A) Analysis of particle movement in the tips of pollen
tubes treated with n-ButOH, PA, or control medium. Three pollen tubes
were selected from each treatment and the movement of individual
particles in the tip was followed for total time of 500 ms in ∼80 ms intervals
using the Manual Tracking plugin of the ImageJ software. (B) Analysis of
movements of big organelles in the shank of the same pollen tubes as in
(A) was done after 8 min. Data represent the mean values of 14–19
trajectories ± SEM. Significant difference from the control samples is
indicated by an asterisk (ANOVA, Tukey–Kramer test, p < 0.05).
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A B

FIGURE 10 | PLD inhibition causes changes in the ultrastructure

of the pollen tube tip and decreases the number of secretory

vesicles. The micrographs in (A) show the ultrastructure of a control
pollen tube and a cell treated with 0.5% n-ButOH for 15 min before
chemical fixation. cw, cell wall; mt, mitochondrion; sv, secretory

vesicle. Scale bar = 2 μm. (B) Quantification of secretory vesicles in
the tip region. Three cells were analyzed for each treatment; data
represent mean values ± SEM. Significant difference from the control
sample is indicated by an asterisk (ANOVA, Tukey–Kramer test,
p < 0.05).

gene expression in pollen tubes (Moutinho et al., 2001; Sun et al.,
2005; Potocký et al., 2007; Pleskot et al., 2010). We took advan-
tage of the fact that LPP expression in Arabidopsis pollen is
restricted to the single isoform LPP4 (Figure 2) and cloned the
homologous gene from tobacco pollen. We designed specific anti-
sense oligodeoxynucleotides (ODNs) against this gene. Addition
of liposomes containing these antisense ODNs into the imbibi-
tion medium promoted pollen tube growth (Figure 11), an effect
similar to that obtained with the drug-induced inhibition of PA
phosphatase activity described above (Figures 3B–D).

DISCUSSION
In this work, we elucidated the plant-focused evolution of several
key enzymes in PA signaling, namely PLD, DGK, and LPP. Our
phylogenetic analysis revealed massive diversification of the C2-
PLD family in land plants compared with DGK or LPP. Several, not
mutually exclusive, hypotheses may explain this unexpected diver-
sity in PLDs. First, independent multiplications may indicate that
numerous PLD paralogs can evolve quickly to be engaged in many
different signaling pathways required by the organism. The ses-
sile nature of land plants may generate such demand, and various
plant PLDs have indeed been implicated in responses to a number
of biotic and abiotic stresses. Furthermore, the more conserved
character of the PLC/DGK pathway compared with the PLD path-
way that can be seen in many eukaryotes (data not shown) may
indicate higher evolutionary flexibility of PLDs. Second, part of
the PLD diversity in plants may be related to the demands of the
cell polarity machinery that defines geometrically distinct cellu-
lar surfaces in the context of a multicellular body that consists
of cells endowed with rather rigid cell walls. Several other genes
involved in the regulation of cell polarity, such as the subunits
of the membrane-tethering exocyst complex (Eliáš et al., 2003)
or the actin nucleators formins (Grunt et al., 2008), are found
in only one or a few copies in mammalian and yeast genomes
but are vastly expanded in plants, thus supporting this hypothe-
sis. Third, the genes coding for proteins of the PLD pathway may
be preferentially multiplicated in some organisms relative to the
gene repertoire of the PLC/DGK pathway so that the total supply

FIGURE 11 | Antisense ODNs-mediated knock-down of tobacco LPP4

promotes pollen tube growth. Pollen tubes were cultivated in the
presence of 30 μM antisense or sense ODNs against tobacco LPP4 for
90 min. At least 100 cells were measured for each treatment in three
independent experiments. Data show the mean growth rates of pollen
tubes ± SEM. The antisense-mediated promotion of the pollen tube growth
rate is statistically significant in comparison with controls and sense ODNs
(ANOVA, Kruskal–Wallis test, p < 0.05).

of miscellaneous PA varieties for distinct signaling pathways is
balanced. Such scenario is plausible in mammals whose genomes
display much greater diversity of genes from the PLC/DGK path-
way compared with“just” two PLD isoforms (Pleskot and Potocký,
in preparation).

The involvement of PLD, DGK, and LPP in cellular processes
can be investigated pharmacologically by application of several
inhibitors that affect particular enzymes. This approach is espe-
cially beneficial when working with multi-gene families, of which
PLDs, DGKs, and LPPs are typical examples. Based on our results,
we speculate that one of the major targets of PLD-produced PA in
the pollen tube is the actin cytoskeleton. The fact that PA plays an
important role in the regulation of the actin cytoskeleton is fur-
ther buttressed by the effect of PA itself and the PA phosphatase
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activity inhibitor NEM. Moreover, NEM behaved similarly to PA in
all performed experiments including effects on vesicle trafficking,
pectin deposition, and callose distribution. Other potential tar-
gets of PLD-derived PA may be considered. PA was implicated
in the formation of a proper Golgi structure and function in
both mammalian and plant cells (Langhans and Robinson, 2007;
Riebeling et al., 2009), exocytosis (Zeniou-Meyer et al., 2007),
and regulation of ROS production by activation of NADPH oxi-
dase (Zhang et al., 2009). In addition, PA can directly modulate
physical properties of membranes and influences membrane cur-
vature because of its conical shape (Kooijman et al., 2003, 2005).
The rapid induction of pollen tube growth and apical dynamics
(Figure 9) may be partly assigned to this mechanism. PA can also
stimulate SNARE-dependent membrane fusion in vitro (Vicogne
et al., 2006).

Although Zonia and Munnik (2004) reported that the majority
of PA in pollen tubes is produced via the PLD pathway and not the
PLC/DGK pathway, the involvement of the PLC/DGK pathway for
pollen tube elongation has not been previously tested. Recently,
PLC activity was described to be a requisite for pollen tube growth
(Pan et al., 2005; Dowd et al., 2006; Helling et al., 2006). Our results
suggest that DGK is also involved in the regulation of tip growth.
We observed a strong inhibition of pollen tube growth in response
to treatment by the DGK inhibitor R59022. We labeled different
cellular structures after treatment by n-ButOH and R59022 in
order to find potential targets of distinct PA pools formed by PLD
or DGK, respectively. We found the effect of R59022 on vacuolar
morphology, which is specific for this DGK inhibitor. Vacuoles are
crucial for the proper maintenance of turgor pressure and indi-
rectly for pollen tube growth (Winship et al., 2010). The change in
the vacuole dynamics could cause cessation of growth and other
phenotypes (see FM 1-43 staining, Ruthenium red staining) visi-
ble after treatment by R59022. Another possible explanation is that
DGK is important in the regulation of endomembrane trafficking.
We observed non-impaired endocytosis after DGK inhibition, so
it is plausible to hypothesize that further steps in the endosomal
pathway are affected. A similar effect was described for the inhibi-
tion of phosphatidylinositol 3-kinase in the Arabidopsis root hairs
(Lee et al., 2008). Also for animal cells, the involvement of several
DGK isoforms in both clathrin-dependent endocytosis and endo-
cytotic recycling has been described (Rincón et al., 2007; Kawasaki
et al., 2008).

Inhibition of PA production in pollen tubes resulted in relocal-
ization of FM 1-43 staining pattern into a funnel-like structure
overlapping with the proposed zone for maximal endocytosis
(Figure 4; also Derksen et al., 1995). However, early endocyto-
sis of FM dyes into pollen tubes could not be completely stopped
even with high concentrations of either n-ButOH or R59022. Sim-
ilar results were described by Li and Xue (2007) who observed
slower (but not stopped) endocytosis in Arabidopsis roots after
PLD inhibition. Two explanations are possible. Either the residual
amount of PA that is formed in n-ButOH/R59022-inhibited cells
is sufficient for internalization or PA is not absolutely required
for the first step of endocytosis. Nevertheless, the results described
indicate that membrane cycling is disturbed in pollen tubes with
inhibited PA production. Interestingly, the FM 1-43 staining pat-
tern after n-ButOH treatment is strikingly different from patterns

invoked by brefeldin A, cytochalasin D, latrunculin B, or sodium
azide in pollen tubes and/or root hairs (Parton et al., 2001; Ovečka
et al., 2005), indicating that some PLD or DGK isoform(s) may
function in distinct recycling steps.

Experiments with inhibitors targeting LPP genes strongly sug-
gest the involvement of the LPP isoform in the negative regulation
of PA signaling in growing pollen tubes. This hypothesis was
further tested by knock-down of the tobacco LPP4 by antisense
ODNs, although it remains unclear if the pollen-selective LPP4
activity is specific to PA or to DGPP.

In summary, our results clearly demonstrate strikingly different
roles of PA produced by PLDs and DGKs in pollen tube growth.
We speculate that PA produced by PLD is more involved in the pro-
duction of the exocytotic vesicles, their delivery to the pollen tube
apex and their fusion with the plasma membrane. On the other
hand, changes in the vacuole morphology and the appearance of
pectin-containing punctuate compartments after the inhibition of
DGK suggest the involvement of PA produced by DGK in the endo-
cytotic processes. To address these hypotheses further, molecular
studies on individual PA signaling genes will be necessary.

MATERIALS AND METHODS
PHYLOGENETIC ANALYSIS
Eukaryotic PLD, DGK, and LPP protein sequences were identified
by gapped BLAST or PSI-BLAST (Altschul et al., 1997) search-
ing against the non-redundant protein database at the National
Center for Biotechnology Information2 using Arabidopsis anno-
tated sequences with default settings. In addition, blast searches
were conducted via Phytozome website3. In most cases, the search
parameters were set at the default values; however, occasionally,
modifications were used (word size 2, scoring matrix BLOSUM-
45). We used AtPLDα1, AtDGK1, and AtLPP1 as input queries.
Putative genes were initially identified based on the automatic
annotation at the aforementioned databases. Since gene models
based on computer annotations often contain errors, exon-intron
structures were manually curated using SoftBerry server4 with the
aid of experimentally verified sequences or sequences from closely
related species.

Multiple alignments were constructed with mafft algorithms
in einsi mode (Katoh and Toh, 2008) and manually adjusted.
Conserved sequence blocks were concatenated giving alignments
with 398 positions for PLDs, 348 positions for DGK, and 259
positions for LPPs. Maximum likelihood method using PhyML
program (Guindon and Gascuel, 2003) was employed for phy-
logeny inference with the WAG matrix, γ-corrected among-site
rate variation with four rate site categories plus a category for
invariable sites, all parameters estimated from the data. Bayesian
tree searches were performed using MrBayes 3.1 (Ronquist and
Huelsenbeck, 2003) with a WAG amino-acid model, where all
analyses were performed with four chains and 1,000,000 genera-
tions per analysis and trees sampled every 100 generations. All four
runs asymptotically approached the same stationarity after first
500,000 generations which were omitted from the final analysis.

2http://blast.ncbi.nlm.nih.gov/Blast.cgi
3http://www.phytozome.net/
4http://linux1.softberry.com/berry.phtml

Frontiers in Plant Science | Plant Physiology March 2012 | Volume 3 | Article 54 | 28

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.phytozome.net/
http://linux1.softberry.com/berry.phtml
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Pleskot et al. Phosphatidic acid in pollen tube growth

The remaining trees were used to infer the posterior probabilities
for individual clades.

POLLEN CULTURE
Routinely, Nicotiana tabacum cv. Samsun pollen was cultured
with a density of 2 mg/ml in simple sucrose medium [10% (w/v)
sucrose, 0.01% (w/v) boric acid] as described previously (Potocký
et al., 2003). Unless otherwise stated, pollen tube culture 90 min
after the imbibition was supplemented with various substances.
We used the final concentrations 0.5% (v/v) of n-ButOH, 50 nM
NEM (50 μM stock solution in water), 50 μM R59022 (25 mM
stock solution in DMSO), and 50 μM dioctanoyl-PA (5 mM stock
solution in water). Appropriate volumes of t-ButOH, medium,
water and DMSO were used in control experiments. For confocal
microscopy, pollen was cultivated on the rich medium solidified
with 0.25% (w/v) phytagel according to Kost et al. (1998).

FM 1-43 LABELING, VACUOLE, PECTIN AND CALLOSE STAINING, ACTIN
LABELING
Tobacco pollen tubes were labeled with endocytic marker FM 1-
43 (Molecular Probes). After 90 min of cultivation, pollen tubes
were put on ice and after ∼10 min FM 1-43 dye at final concentra-
tion 2 μM was simultaneously added with the inhibitors, PA, or
control solutions into the germination medium. In an alternative
arrangement of the experiment, pollen tubes were cultivated in
a medium containing FM 1-43 for 90 min, followed by treatment
with particular inhibitor for 10 min. Imaging was done on Zeiss
LSM 5 DUO confocal laser scanning microscope using the Zeiss
C-Apochromat 340/1.2 water corrected objective. A 489 nm laser
line and a 505 nm long-pass emission filter were used for FM 1-43
imaging.

Vacuoles were labeled according to Lovy-Wheeler et al. (2007)
with carboxy-(5-(and-6)-carboxy-2′,7′-dichlorofluorescein diac-
etate) (carboxy-DCFDA) and imaging was performed on Zeiss
LSM 5 DUO confocal laser scanning microscope using the Zeiss
C-Apochromat 340/1.2 water corrected objective. A 489 nm laser
line and a 505–550 nm band-pass emission filter were used for
carboxy-DCFDA imaging.

Pectin and callose were visualized according to Ischebeck et al.
(2008). Actin cytoskeleton was labeled by the method described
previously (Lovy-Wheeler et al.,2005; Pleskot et al., 2010). Imaging
was done on Olympus BX-51 microscope.

VIDEO-ENHANCED CONTRAST MICROSCOPY AND TRANSMISSION
ELECTRON MICROSCOPY
Video microscopy was performed as described by Foissner et al.
(1996). Briefly, the brightfield image from a Univar microscope
(Reichert-Leica, Austria) equipped with a 40× planapo objective
was collected with a high-resolution video camera (Chalnicon

C 1000.1, Hamamatsu, Germany), processed by a digital image
processor (DVS 3000, Hamamatsu Germany), and recorded on
digital video tape (JVC). Sequences were then converted to raw AVI
movies using Adobe software and analyzed with ImageJ software.

For transmission electron microscopy,50- to 80-min-old pollen
tubes were fixed in 2% glutaraldehyde in 0.05 M PIPES buffer at
pH 7.2 containing 5 mM MgSO4 and 5 mM EGTA for 1 h at room
temperature, followed by post-fixation in 1% (w/v) OsO4 in water.
Samples were dehydrated in ethanol and propylene oxide and
embedded in Spurr’s resin. For transmission electron microscopy,
thin sections were post-stained with uranyl acetate and lead cit-
rate according to standard procedures and viewed with a JEOL
JEM 100CX II transmission electron microscope.

CLONING OF TOBACCO LPP HOMOLOG, DESIGN OF ANTISENSE ODNs
AND DELIVERY INTO GROWING POLLEN TUBES
Total RNA from N. tabacum cv. Samsun pollen tubes was
isolated using an RNeasy kit (Qiagen) and transcribed to
cDNA using Transcriptor High Fidelity cDNA Synthesis Kit
(Roche Applied Sciences) with 2.5 μg RNA and oligo(dT)
primers according to the manufacturer’s instructions. Tobacco
pollen LPP4 cds was amplified using Phusion DNA poly-
merase (Finnzymes) and degenerated primers forward, AGT-
GAATTCRATGCCGGAAATAGAATTTGG; reverse, ATTCTC-
GAGTTACACWGTGTCMATTSYTACTG. The PCR product mix
was then cloned into pJET1.2 cloning vector (Fermentas) accord-
ing to the manufacturer’s instructions and sequenced. Cloned
NtLPP4 sequence was deposited to GenBank database under the
accession number JQ627633. DNA sequence of NtLPP4 was ana-
lyzed using Soligo software5 for suitable target regions for antisense
ODNs. The two best-scoring antisense ODNs and correspond-
ing sense control ODNs were synthesized with phosphorothioate
modifications at both the 5′ and 3′ ends (four bases modified at
each end). ODN/cytofectin complexes were prepared as described
previously (Moutinho et al., 2001), and the pre-mix was added
to the growth medium. Two antisense/sense ODNs pairs were
tested for their effect on tobacco pollen tube growth, and the more
effective pair was used for further experiments.
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Phosphatidic acid (PtdOH) is emerging as an important signaling lipid in abiotic
stress responses in plants. The effect of cold stress was monitored using 32P-labeled
seedlings and leaf discs of Arabidopsis thaliana. Low, non-freezing temperatures
were found to trigger a very rapid 32P-PtdOH increase, peaking within 2 and 5 min,
respectively. In principle, PtdOH can be generated through three different pathways,
i.e., (1) via de novo phospholipid biosynthesis (through acylation of lyso-PtdOH), (2)
via phospholipase D hydrolysis of structural phospholipids, or (3) via phosphorylation
of diacylglycerol (DAG) by DAG kinase (DGK). Using a differential 32P-labeling protocol
and a PLD-transphosphatidylation assay, evidence is provided that the rapid 32P-PtdOH
response was primarily generated through DGK. A simultaneous decrease in the levels
of 32P-PtdInsP, correlating in time, temperature dependency, and magnitude with the
increase in 32P-PtdOH, suggested that a PtdInsP-hydrolyzing PLC generated the DAG in
this reaction. Testing T-DNA insertion lines available for the seven DGK genes, revealed
no clear changes in 32P-PtdOH responses, suggesting functional redundancy. Similarly,
known cold-stress mutants were analyzed to investigate whether the PtdOH response
acted downstream of the respective gene products. The hos1, los1, and fry1 mutants
were found to exhibit normal PtdOH responses. Slight changes were found for ice1,
snow1, and the overexpression line Super-ICE1, however, this was not cold-specific
and likely due to pleiotropic effects. A tentative model illustrating direct cold effects on
phospholipid metabolism is presented.

Keywords: abiotic stress, cold stress, diacylglycerol kinase, lipid signaling, phosphatidic acid, phosphoinositide,
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INTRODUCTION
The potential to survive low temperatures is one of the factors
that determine the geographical distribution of plants. Moreover,
freezing and cold stress restrict the arable land and yield of crops.
Therefore, much effort is made to understand the mechanisms
that make plants more tolerant to low temperatures. One of the
most popular plant models in these studies is Arabidopsis thaliana
(Van Buskirk and Thomashow, 2006).

Like many temperate plants, Arabidopsis is capable of cold
acclimation, i.e., during a period of cold, non-freezing tem-
peratures, its tolerance for freezing temperatures increases.
This process, also referred to as cold hardening, involves a
myriad of metabolic and developmental changes, accompa-
nied by accumulation of proteins and compatible solutes, and
alterations in membrane composition (Uemura et al., 1995;
Thomashow, 1999; Cook et al., 2004; Chinnusamy et al.,
2007).

Transcriptome profiling and mutant screens have resulted in
the characterization of multiple genes involved in the initiation
of cold acclimation and freezing tolerance. These include the

conserved CBF/DREB1 transcription factors that are responsible
for activating the expression of many cold response (COR)
genes via conserved C-repeat elements in their promoters. Zhu
and coworkers have used Arabidopsis plants transfected with
the RD29A-LUC construct to select for mutants with altered
responses to cold treatment (“cold response mutants”), result-
ing in the identification of several genes. Enhanced cold-induced
expression was found in the fry1 (Xiong et al., 2001) and hos1
(Ishitani et al., 1998) mutants, whereas los1 (Guo et al., 2002)
showed decreased expression. Moreover, the dominant negative
ice1 (Chinnusamy et al., 2003) mutation has been demonstrated
to negatively affect cold-induced gene transcription by inter-
fering with the function of AtICE1, a myc-type transcription
factor which functions in CBF transcription in cold signaling.
The myb-type transcription factor SNOW1/MYB15, also binds
to the CBF promoter region, interacting with ICE1 (Agarwal
et al., 2006). Upon exposure to cold stress (4◦C), the transcript
levels of CBF/DREB1 genes increase within 15–30 min, followed
by the accumulation of COR gene transcripts after about 2 h
(Thomashow, 1999).
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Much less is known about the signal transduction pathway
that preceeds the gene expression changes. Nonetheless, there is
mounting evidence that Ca2+ functions as a second messenger
(Knight et al., 1996; Knight and Knight, 2000; Carpaneto et al.,
2007) and that part of the pathway involves activation of a MAP
kinase cascade (Jonak et al., 1996; Mizoguchi et al., 1996; Teige
et al., 2004). One of the latest additions to the field of cold signal-
ing is the formation of the lipid second messenger, phosphatidic
acid (PtdOH). In suspension-cultured cells, this phospholipid
was shown to accumulate within minutes of cold stress (Gawer
et al., 1999; Ruelland et al., 2002; Cantrel et al., 2011). Like Ca2+
and MAP kinases, PtdOH is involved in the signal transduc-
tion pathways of several other plant stress responses, including
drought, wounding, and pathogen infection (Li et al., 2009;
Testerink and Munnik, 2011), and it is not unlikely that these
pathways strongly overlap.

In stress-induced signal transduction, PtdOH responses have
been mainly attributed to two pathways. It is the direct
product of phospholipase D (PLD), which hydrolyses struc-
tural phosholipids like phosphatidylcholine (PtdCho) and phos-
phatidylethanolamine (PtdEtn), and a secondary product of
the phospholipase C (PLC) pathway, which first hydrolyzes
polyphosphoinositides (PPIs) to diacylglycerol (DAG), that is
subsequently phosphorylated to PtdOH by diacylglycerol kinase
(DGK). However, metabolism of DAG and PtdOH is more com-
plex, since multiple sources have now been demonstrated, and
PtdOH is formed de novo via acylation of glycerolphosphate
(Gro3P) as a common intermediate in glycerolipid biosynthesis,
both in the plastid and the ER. Thus, PtdOH is precursor to all
phosphoglycerolipids as well as triacylglycerols and galactolipids,
and its turnover is crucial in determining lipid metabolic fluxes
and membrane compositions.

The Arabidopsis genome is predicted to encode 12 PLDs, 9
PLCs, and 7 DGKs (Gomez-Merino et al., 2004; Testerink and
Munnik, 2005, 2011; Tasma et al., 2008; Arisz et al., 2009; Li
et al., 2009; Munnik and Testerink, 2009). Their genetic abun-
dance and specific gene expression patterns suggests that some of
these enzymes are specific to certain locations in specific organs
and/or involved in distinct processes. The PLC/DGK and PLD
pathways have been implicated in the transcriptional induction
of an array of cold-induced genes in Arabidopsis (Vergnolle et al.,
2005). PLDδ has been shown to be important in the genera-
tion of freezing tolerance during acclimation (Li et al., 2004)
in contrast to PLDα1 which negatively influenced survival of
freezing, both in cold-acclimated and in non-acclimated plants
(Rajashekar et al., 2006; Chen et al., 2008; Du et al., 2010). In
suspension-cultured cells, biochemical evidence was found that
cold shock activated both PLC/DGK and PLD pathways (Ruelland
et al., 2002). Moreover, several genes have been shown to be
upregulated in response to cold stress, including PLDα1, PLDδ,
PLC1, PLC4, PLC5, DGK1, and DGK2 (Hirayama et al., 1995;
Gomez-Merino et al., 2004; Li et al., 2004; Lee et al., 2005). Also,
in maize roots and leaves several genes encoding DGK, PLC, and
PLD were upregulated within 30 min of cold stress (Sui et al.,
2008).

In this study we show that Arabidopsis seedlings and leaf disks
exposed to low temperatures accumulate PtdOH within minutes.

Using a differential 32P-labeling strategy (Munnik et al., 1998b;
Arisz et al., 2009) and PLD’s ability to transphosphatidylate n-
butanol to PtdBut (Munnik et al., 1995, 1998b), we provide
evidence that the rapid PtdOH response does not originate from
PLD but from DGK. The simultaneous decrease in the level
of phosphatidylinositolphosphate (PtdInsP) suggests the involve-
ment of a PtdInsP-hydrolyzing PLC. T-DNA insertion lines were
used to address the question which DGK and PLC were involved,
while the COR mutants hos1, los1, fry1, ice1, and snow1 were ana-
lyzed to see whether PtdOH acts up- or down-stream of these
genes in the COR.

MATERIALS AND METHODS
PLANT MATERIAL
A. thaliana seeds were sterilized in 70% EtOH (1 min) and
25% bleach (20 min), and sown on media in Petri dishes. For
32P-radiolabeling experiments, seedlings were grown on ½ x
Murashige and Skoog (MS) basal medium at pH 5.7 (KOH),
solidified with 1.0 % bacto-agar. The ice1, snow1, los1, hos1, fry1
mutants, and their WT’s were grown on 1 x MS medium supple-
mented with 1% sucrose. A 16 h light/8 h dark regime (150 umol
quanta m−2s−1) at 21◦C was set. To promote uniform germina-
tion, plates were kept in the dark at 4◦C for 2 days before transfer
to a climate room.

RT-PCR EXPRESSION ANALYSES OF DGK T-DNA INSERTION LINES
Homozygous T-DNA insertion lines of the DGK genes
where genotyped using primer sequences found in Table A1
(Figure A3). Wild type A. thaliana Col-0 or lines containing T-
DNA insertions in DGK1, -3, -5, -7 genes were grown on ½ x
Murashige and Skoog (MS) basal medium supplemented with
1% w/v sucrose at pH 4.6, solidified with 1% w/v daishin agar.
To promote uniform germination, plates were kept in the dark
at 4◦C for 2 days before transfer to a climate room. Seedlings
where harvested for RNA isolation after 9 days in a climate room
with light regime set at 16 h light/8 h dark at 21◦C and Relative
Humidity 70%. Additionally, flowers of A. thaliana lines contain-
ing T-DNA insertions in DGK2, -4, -6 genes, and wild type Col-0
were collected from plants grown in a greenhouse under the same
environmental conditions. RNA was isolated using Tri Reagens LS
(Sigma) and treated with Turbo RNAse free DNAse (Ambion) for
removal of genomic DNA. The RNA concentration and integrity
was analyzed using a Nanodrop ND-1000 spectrophotometer.

cDNA was synthesized from 2 μg total RNA using RevertAid H
Minus Reverse Transcriptase (Fermentas) according to the man-
ufacturers protocol. RT-PCR was performed using Accuprime
Taq DNA polymerase (Invitrogen). Table A2 contains the primer
sequences used to amplify the different Arabidopsis DGK genes
and the At2g28390 (SAND family) reference gene (Figure A4;
Hong et al., 2010). Thermal cycling was done according to the fol-
lowing profile; 94◦C for 2 min, followed by 40 cycles of 94◦C for
30 s, 50◦C for 30 s, 68◦C for 2 min and 1 cycle of 68◦C for 6 min.

32P-ORTHOPHOSPHATE RADIOLABELING in vivo AND ANALYSIS OF
PHOSPHOLIPIDS
Five-days-old seedlings or leaf disks (5 mm ∅) of 3-weeks-old
plants were transferred to a 2.0 ml Eppendorf tube, containing
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MES (2-[N-morpholino]ethane sulfonic acid)-based buffer of
2.56 mM MES (pH 5.7) and 1 mM KCl. To label phospholipids,
10 μCi carrier-free 32P-orthophosphate per tube was added for
16 h, unless indicated otherwise. Cold shock treatments were exe-
cuted by transferring tubes to ice water. Incubations were stopped
by the addition of HClO4 (final concentration 5%, w/v), and
10 min of subsequent shaking.

The total solvent was removed and 375 μl CHCl3/MeOH/HCl
(50:100:1, by vol.) was added to extract the lipids. After 10 min
of vigourous shaking, two phases were induced by adding 375 μl
CHCl3 and 200 μl 0.9% (w/v) NaCl. The organic lower phase was
then transferred to a tube containing 375 μl CHCl3/MeOH/1M
HCl (3:48:47, by vol.). Shaking, spinning, and removing the
upper phase yielded a purified organic phase, which was
dried down in a vacuum centrifuge at 50◦C. The residue was
resuspended in 50 μl CHCl3 and sampled for lipid analysis.

Phospholipids were analyzed by thin-layer chromatography
(TLC) on heat-activated silica gel 60 plates (Merck, 20 × 20 cm)
using one of the following solvent systems (ratios by vol.): (A)
CHCl3/MeOH/NH4OH (25%)/H2O (90:70:4:16); or (B) ethy-
lacetate/iso-octane/formic acid/H2O (13:2:3:10), of which the
organic phase was used for TLC. Solvent A was used for total
phospholipid analysis, while B was used to quantitate PtdOH
and PtdBut. Radiolabeled phospholipids were visualized and
quantified by phosphoimaging (Molecular Dynamics, Sunnyvale
CA, USA).

RESULTS
COLD STRESS RAPIDLY TRIGGERS A PtdOH RESPONSE
PtdOH levels in plants are approximately 2 mol% of total phos-
pholipids (Welti et al., 2002) which likely represents ER- and
plastid-localized PtdOH as precursor and turnover product of
structural glycerolipids. To be able to see PtdOH increases dur-
ing stress-signaling, plants can be metabolically radiolabeled
with carrier-free 32P-phosphate (32Pi). To study phospholipid
metabolism during cold shock in Arabidopsis, we radiolabeled
5-days-old seedlings for 16 h with 32Pi and subsequently incu-
bated them for 5 min at 0◦C. Phospholipids were then extracted,
separated by TLC and analyzed by autoradiography. A typical 32P-
labeling pattern is shown in Figure 1, revealing a PtdOH increase
in response to cold.

To test the temperature dependency of this response,
32Pi-prelabeled seedlings were exposed to different tempera-
tures for 5 min. As shown in Figures 2A,B, a temperature-
dependent PtdOH response was found. Concomitantly, a
decrease in 32P-PtdInsP was observed (Figure 2A). To investigate
whether leaves of adult plants responded similarly, leaf disks of
3-weeks-old plants were subjected to the same labeling procedure
and temperature treatments. Quantitation of the PtdOH levels
by phosphoimaging revealed a significant response at 8◦C or
lower (Figure 2C), which is different for seedlings which already
responded to a shift to 16◦C (Figure 2B).

Next, the kinetics of the PtdOH response was investigated. As
shown in Figure 3A, PtdOH accumulation at 0◦C in seedlings
reached a maximum within 2 min and then leveled off, staying up
for at least 2 h. The response of leaf disks of adult plants to 0◦C
was found to be slightly slower but was still relatively fast, peaking

FIGURE 1 | Cold stress triggers the formation of 32P-PtdOH in

Arabidopsis seedlings. Five-days-old seedlings were metabolically
radiolabeled O/N with 32Pi and then incubated for 5 min at 0◦C or
maintained at 20◦C. Lipids were extracted, separated by TLC, and
visualized by phosphoimaging. Each lane represents an extract of two
seedlings. Abbreviation: SPL, structural phospholipids.

at 5 min after the onset of incubation after which it leveled off,
approaching control levels after 2 h (Figure 3B).

THE RAPID COLD INDUCED-PtdOH RESPONSE IS GENERATED BY DGK,
NOT BY PLD ACTIVITY
Next, we focused on the metabolic origin of the cold-induced
PtdOH response. Previous studies in suspension-cultured
Arabidopsis cells indicated that part of the cold shock-induced
PtdOH response was generated by PLD activity (Ruelland et al.,
2002). To investigate PLD’s contribution a transphosphatidyla-
tion assay was performed, i.e., in the presence of a low con-
centration of a primary alcohol, such as n-ButOH, this serves
as a substrate in a PLD-catalyzed reaction generating PtdBut, at
the cost of PLD-catalyzed production of PtdOH (Munnik et al.,
1995). The accumulation of PtdBut is a measure of PLD activity.

Thus, seedlings were prelabeled for 16 h with 32Pi, then n-
ButOH (0.5% final conc.) was added, and 30 min later the
seedlings were transferred to 0◦C for 5 min or kept at room
temperature. As shown in Figure 4A, cold stress did not affect
32P-PtdBut levels, while 32P-PtdOH levels increased. These data
indicate that PLD is not responsible for the initial PtdOH
response.

To investigate the potential involvement of DGK, a differ-
ential radiolabeling protocol was applied (Munnik, 2001; Arisz
et al., 2009). In short, when cells are metabolically labeled with
32Pi, the phospholipid classes are labeled with different kinet-
ics, depending on the labeling of their precursors, their rates of
synthesis, turnover, and pool size. Thus, DGK-derived PtdOH is
labeled after relatively short labeling times because it acquires its
32P-phosphate directly from ATP molecules, which are rapidly
labeled. This is in contrast to PtdOH arising from PLD activity,
which are not labeled until the pool of its precursor, i.e., PtdEtn,
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FIGURE 2 | Temperature-dependent accumulation of 32P-PtdOH in

Arabidopsis leaves and seedlings. (A) O/N 32P-prelabeled seedlings were
incubated for 5 min at the indicated temperatures. Lipids were then
extracted, separated by TLC, and visualized by autoradiography.
(B) Quantitation by phosphoimaging of 32P-PtdOH formed at different
temperatures in seedlings. (C) Formation of 32P-PtdOH in leaf disks at
different temperatures. Values are means of triplicates ±SD. Asterisks
indicate highest temperatures giving rise to a significant (p < 0.05) increase
in 32P-PtdOH.

PtdCho, or PtdGro, is sufficiently labeled, which is typically O/N
(Munnik et al., 1998b; Arisz and Munnik, 2011).

Thus, seedlings were 32Pi-prelabeled for different periods of
time (20, 60, and 180 min) after which they were subjected
for 5 min to 0◦C. As shown in Figures 4B,C, cold stress trig-
gered a marked increase in 32P-PtdOH in seedlings prelabeled
for only 20 min. Under these conditions, structural phospho-
lipids like PC and PE were hardly labeled excluding them as
precursors to 32P-PtdOH in a PLD-catalyzed reaction. This is in

FIGURE 3 | Kinetics of cold-induced 32P-PtdOH accumulation in

Arabidopsis seedlings and leaves. 32P-prelabeled seedlings (A) or leaf
disks (B) were incubated at 0◦C (filled circles) or 20◦C (control, open circles)
for different periods of time. Lipids were then extracted, separated by TLC,
and quantified by phosphoimaging. Data points (±SD) are from triplicate
incubations.

agreement with the results of the transphosphatidylation assay
(Figure 4A). Hence, the increase in 32P-PtdOH is unlikely to
reflect a PLD activity, and is consistent with a DGK activity.
At longer prelabeling time points, the relative increases in 32P-
PtdOH gradually diminished (Figure 4C), due to the decrease in
the specific radioactivity of the ATP pool and the general increase
in structural phospholipid labeling.

Two of the most abundant PLD isoforms in Arabidopsis,

(Ruelland et al., 2002; Li et al., 2004; Rajashekar et al., 2006). To
test their contribution to the early PtdOH response to cold stress,
both single and double KO-mutants were analyzed (Bargmann
et al., 2009a,b). As shown in Figure 4D, all mutants exhibited a
normal PtdOH response upon cold stress.

Together, these results argue against the involvement of PLD in
the acute cold-shock-induced PtdOH response and strongly point
to a role for DGK.

The implication of DGK in the early COR raised the question
of DAG’s metabolic origin. One possible source of DAG is the
induced PLC hydrolysis of the polyphosphoinositides, PtdInsP
and/or PtdInsP2, a well-defined plant stress response, which
was supported by the observation that 32P-PtdInsP decreased
in response to cold (Figure 2A). Moreover, this decrease cor-
related closely with an equivalent increase in 32P-PtdOH, in
a temperature- and time-dependent fashion (Figure 5). These
results strongly argue for the scenario that cold stress activates
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FIGURE 4 | Metabolic origin of the chilling-induced 32P-PtdOH

response in Arabidopsis seedlings. (A) In the presence of 0.5%
n-butanol, accumulation of the transphosphatidylation product 32P-PtdBut is
used as measure of PLD activity. White bars, 32P-PtdOH, gray bars,
32P-PtdBut. (B) Seedlings were prelabeled with 32Pi for 20, 60, or 180 min,
to preferentially label the monoester-phosphates of lipids with high turnover
rates. Subsequently, seedlings were transferred to cold (0◦C) or kept at
20◦C for an additional 15 min. Lipids were separated on TLC and visualized
by phosphoimaging. (C) Dependence of 32P-PtdOH levels in control (white
bars) and cold conditions (gray bars) on the 32P-prelabeling time. (D)

Five-days old Col-0, plda1, pldd, and plda1/d knock-out seedlings were
radiolabeled O/N with 32Pi and then incubated for 5 min at 0◦C or
maintained at 20◦C. 32P-PtdOH increases are expressed as percentage of
total 32P-labeled lipids.

FIGURE 5 | Cold stress-induced changes in 32P-PtdOH vs. 32P-PtdInsP.

(A) TLC analysis of 32P-phospholipids extracted from seedlings after
5 min exposure to the temperatures indicated. (B) Similar experiment as
(A) Quantitation of radioactivity in the lipids was by phosphoimaging. Filled
circles, 32P-PtdOH; open circles, 32P-PtdInsP. (C) A time course experiment
at 0◦C shows contrary changes in 32P-PtdOH and 32P-PtdInsP. All values are
means of at least three samples containing two seedlings each from a
representative experiment (error bars indicate SD).

PLC hydrolysis of PtdInsP to form DAG, which is subsequently
phosphorylated to PtdOH by DGK.

PtdOH RESPONSES IN ARABIDOPSIS dgk- AND COLD STRESS
MUTANTS
Arabidopsis contains 7 DGK encoding genes. In an attempt
to identify the isozyme involved in the cold-induced PtdOH
response, a reversed genetic approach was used, screening a
series of T-DNA insertion lines (Tables 1, 2). These lines carry
insertions in or near the DGK encoding regions, although
not all of the lines were established as knockout or knock-
down mutants (Table 1; Figure A4). Seedlings of these lines were
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Table 1 | Cold-induced PtdOH formation in seedlings of T-DNA insertion lines.

Gene AGI ID Line Name Status∗ Control Cold Fold increase Replicates

wt Col-0 wt 0.98 ± 0.07 3.00 ± 0.20 3.1 6

AtDGK1 At5g07920 SALK 053412 dgk1-1 KD 0.93 ± 0.07 3.11 ± 0.31 3.4 6

AtDGK2 At5g63770 SAIL 718_G03 dgk2-1 KO 1.00 ± 0.06 2.70 ± 0.48 2.7 6

SAIL 71_B03 dgk2-2 KO 0.96 ± 0.10 3.19 ± 0.40 3.3 6

AtDGK4 At2g20900 SAIL 339_C01 dgk4-1 no KO 1.22 ± 0.08 3.73 ± 0.26 3.1 3

SALK 069158 dgk4-2 KO 0.83 ± 0.08 3.65 ± 0.50 4.4 3

AtDGK5 At2g20900 SAIL 1212_E10 dgk5-1 KO 0.85 ± 0.07 3.73 ± 0.15 4.4 3

AtDGK6 At4g28130 SALK 016285 dgk6-1 ND 1.08 ± 0.03 4.48 ± 0.55 4.1 3

AtDGK7 At4g30340 SAIL 51_E04 dgk7-1 KD 0.90 ± 0.17 2.92 ± 0.22 3.2 8

SALK 059060 dgk7-2 KD 0.91 ± 0.14 3.24 ± 0.15∗∗ 3.6 8

SALK 007896 dgk7-3 no KO 0.87 ± 0.14 2.94 ± 0.19 3.4 8

5-days-old Arabidopsis seedlings were labeled O/N with 32Pi and incubated at 0◦C for 5 min. Lipids was then extracted separated by TLC and quantified by

phosphoimaging. PtdOH levels are expressed as a percentage of the total 32P-labeled lipids and values represent averages of multiple samples containing 2 seedlings

each (± SD).
∗Transcript analysis by RT-PCR confirmed knock-down (KD) or knock-out (KO) status. Expression of DGK6 was too low for detection hence the status of dgk6-1 could

not be determined.
∗∗Reproducible statistically significant difference of T-DNA line compared with wild type (Tukey HSD test, P < 0.05) within the wild type control homogeneous

subset.

Table 2 | Cold-induced PtdOH formation in leaf disks of T-DNA

insertion lines.

Control Cold Fold increase

Col-0 2.1 ± 0.7 6.0 ± 1.1 2.9

dgk1-1 2.2 ± 0.5 5.1 ± 0.4 2.3

dgk2-1 2.2 ± 0.6 6.7 ± 1.7 3.1

dgk2-2 1.9 ± 0.3 6.5 ± 1.8 3.3

dgk4-1 1.9 ± 0.4 5.9 ± 0.9 3.2

dgk4-2 2.0 ± 0.3 7.2 ± 1.0 3.7

dgk5-1 3.3 ± 0.3 8.4 ± 0.4 2.6

dgk6-1 2.6 ± 0.2 9.7 ± 0.6∗ 3.7

dgk7-1 2.0 ± 0.4 9.4 ± 1.4∗ 4.6

dgk7-2 2.3 ± 0.5 10.3 ± 1.0∗∗ 4.5

dgk7-3 1.8 ± 0.2 8.7 ± 0.5 4.9

Rosette leaf disks of 5–6-weeks-old Arabidopsis plants were labeled O/N with
32Pi and incubated at 0◦C for 5 min. Lipids were extracted, separated by TLC

and quantified by phosphoimaging. PtdOH levels are expressed as percentage

of the total 32P-labeled lipids. Values are averages ±SD (n ≥ 3).
∗,∗∗Reproducible statistically significant difference of T-DNA line compared with

wild type (Tukey HSD test, ∗P < 0.05; ∗∗P < 0.01) within the wild type control

homogeneous subset.

32Pi-prelabeled (O/N) and then exposed to 0◦C for 5 min to mea-
sure their PtdOH response. Surprisingly, among the lines with
normal control PtdOH levels, neither showed significant defects
in the cold-induction of PtdOH, whilst slight larger PtdOH
increases were found in cold-stressed dgk7-2 seedlings (Table 1).
In leaf discs, dgk6-1, dgk7-1, and dgk7-2 revealed slightly
enhanced levels of cold-induced PtdOH (Table 2). Clearly, redun-
dancy is involved and some of the KO/KD lines may con-
stitutively upregulate genes that even mask or enhance the
response.

In Arabidopsis, several COR mutants have been identified,
including ice1, snow1, fry1, hos1, and los1 [(Ishitani et al.,
1998; Xiong et al., 2001; Guo et al., 2002; Chinnusamy et al.,
2003) mutation has been demonstrated to negatively affect
cold-induced gene transcription by interfering with the func-
tion of AtICE1, a myc-type transcription factor which functions
in CBF transcription in cold signaling. The myb-type tran-
scription factor SNOW1/MYB15, also binds to the CBF pro-
moter region, interacting with ICE1 (Agarwal et al., 2006)].
To gain information on the position of the PtdOH response
in the cold sensing pathway, each mutant was analyzed for its
cold-induced PtdOH response. As shown in Figure 6A, fry1,
hos1, and los1 all showed a normal response, but snow1 had a
lower basal and cold shock-induced level of 32P-PtdOH (p =
0.006; Figure 6B); nevertheless, the relative stimulation levels
were not significantly altered. Although the cold-induced PtdOH
response in ice1 generally appeared to be lower than wild-
type (Figure 7), it did not reach the significance level and was
not cold-specific either, because the PtdOH response induced
by salt stress (300 mM NaCl, 15 min) was also decreased (p =
0.008). Since these seedlings look stunted, pleiotropic effects are
most likely to account for the observed differences. Similarly,
PtdOH levels in the overexpressor of ICE1, Super-ICE1, tended
to be suppressed, again indicating pleiotropic effects (Figure 7).
Together these results indicate that the PtdOH response is
upstream.

DISCUSSION
While, in Arabidopsis seedlings and leaves, the acclimation pro-
cess in response to low temperatures is rapidly initiated, it takes
6–7 days to achieve maximal freezing tolerance (Uemura et al.,
1995; Peng et al., 2007). The formation of PtdOH has been spec-
ulated to function in the regulation of this response (Ruelland
et al., 2002; Xiong et al., 2002; Gomez-Merino et al., 2004; Li et al.,
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FIGURE 6 | Cold-induced 32P-PtdOH induction in known Arabidopsis
cold response mutants. Five-days-old seedlings were prelabeled O/N with
32Pi and subsequently incubated at 0◦C or kept at room temperature for
15 min. Lipids were then extracted, separated by TLC, and quantified by
phosphoimaging. 32P-PtdOH levels are expressed as percentage of the
total 32P-lipid. Values are means from triplicate incubations from a typical
experiment; error bars indicate SD. White bars, control; gray bars, 0◦C.
(A) The mutants fry1, hos1, los1, and their wt background,
C24RD29A-LUC. (B) The snow1 mutant and the wt control, Col-0.

2004; Vergnolle et al., 2005; Rajashekar et al., 2006). While this
has previously been studied in suspension-cultured cells, we
have focused on the response in whole seedlings and mature
leaves. The results showed that cold shock treatment triggered
a rapid and sustained (during hours) accumulation of PtdOH,
both in seedlings and in leaf discs of mature Arabidopsis plants
(Figures 1–3). The leaf response was generally more pronounced,
but in seedlings the PtdOH increase was faster and already vis-
ible upon minor temperature shifts which did not lead to a
response in leaves. Since the accumulation of PtdOH is emerg-
ing as a common early element in environmental stress responses,
and because it is suggested to be involved in the acclimation
process, it is important to have knowledge of the underlying
mechanisms.

DGK RATHER THAN PLD ACTIVITY GENERATES EARLY, COLD-INDUCED
PtdOH
Two routes have been found to generate PtdOH under conditions
of environmental stress in plants, i.e., PLD hydrolysis of strucural
phospholipids (i.e., PtdCho/PtdEtn/PtdGro) and phosphoryla-
tion of DAG by DGK (Arisz et al., 2009; Testerink and Munnik,

FIGURE 7 | 32P-PtdOH responses in seedlings of the ice1 mutant and

ICE1 overexpression transgenic line (Super-ICE1). Five-days-old
seedlings were prelabeled O/N with 32Pi and incubated at 0◦C or with
300 mM NaCl for 15 min. 32P-PtdOH levels are expressed as percentage of
the total 32P-lipid (average ±SD). 32P-PtdOH was enhanced due to cold and
salt in all genotypes (p < 0.025), but salt-induced 32P-PtdOH was
decreased in ice1 compared to wildtype (*p = 0.008).

2011). Using transphosphatidylation assays, the absence of a
32P-PtdBut increase under chilling conditions that triggered mas-
sive 32P-PtdOH responses indicate that PLD is not involved
(Figure 4A). Using a differential 32Pi-labeling assay, 32P-PtdOH
demonstrated to be rapidly labeled, in agreement with a DGK
involvement, and in contrast to the labeling of structural phos-
pholipids PtdEtn, PtdCho, and PtdGro, which required long
labeling times, again suggesting a PLD-independent pathway
(Figure 4B).

Although this seemed at variance with studies of suspension-
cultured cells, which suggested a cold-activated PLD activity
(Ruelland et al., 2002; Cantrel et al., 2011), it is well-possible
that PLD plays a role at a later phase of the COR. This is for
example supported by (1) the induced membrane localization
of PLDδ after 1 day at 2◦C (Kawamura and Uemura, 2003),
(2) its importance in freezing tolerance (Li et al., 2004; Chen
et al., 2008; Du et al., 2010) and (3) the transcriptional reg-
ulation of Arabidopsis PLDδ and PLDα1 (Welti et al., 2002; Li
et al., 2004) and two PLDα homologs from cotton (Kargiotidou
et al., 2010) during cold acclimation. Nevertheless, consistent
with the present data, we have found pldα1/pldδ seedlings
to display a normal 32P-PtdOH response after 5 min at 0◦C
(Figure 4D).

THE SUBSTRATE FOR DGK MAY BE GENERATED BY A
PtdINSP-HYDROLYZING PLC
Since DGK was implicated, the question was raised how the
substrate DAG was formed. Several pathways could account
for this. A clue was provided by the concomitant decreases of
32P-PtdInsP, equivalent to the increase of 32P-PtdOH, suggest-
ing the former to be precursor to DAG and PtdOH via PLC
and DGK, respectively (Figures 5 and 8, reactions 1 and 3).
Previously, cold stress in Arabidopsis cells has been shown to
trigger decreases in both PtdInsP2 and PtdInsP (Ruelland et al.,
2002). While PdInsP2 is usually considered as the substrate for
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PLC, in plants PtdInsP2 levels are extremely low, and, in vitro,
PtdInsP is hydrolyzed equally well (Cho et al., 1993; Munnik
et al., 1998a; Munnik and Testerink, 2009; Munnik and Vermeer,
2009).

PtdOH RESPONSE IN T-DNA INSERTION LINES
To answer the question which of the seven DGK isozyme(s) in
Arabidopsis was responsible for the cold shock-induced PtdOH
response, we tested T-DNA insertion lines with insertions in or
near the coding regions, which caused suppressed transcript lev-
els in some but not all (Figures A3 and A4). Nonetheless, neither
seedlings (Table 1), nor leaf discs (Table 2) carrying the inser-
tion mutations displayed an abrogation of the PtdOH response.
In contrast, in both systems a knock-down allele of DGK7, dgk7-
2, was associated with an increased accumulation of PtdOH.
Knockdown of DGK2, did not result in significantly reduced
PtdOH levels, perhaps as a consequence of the activity of the
structurally similar DGK1 (Gomez-Merino et al., 2004; Arisz
et al., 2009).

These results may indicate a functional redundancy among
Arabidopsis DGKs, such that deficient gene functions are com-
pensated for by related isozymes. The PtdOH “overshoot” in the
dgk7-2 KD line could reflect such a mechanism. This experimen-
tal problem will be precluded by generating multigene KO lines,
e.g., dgk1/dgk2.

In young seedlings, but also in rosette leaves, DGK7 is more
abundantly expressed than DGK1 and DGK2 (Arisz et al., 2009),
but its transcript levels have not been found to increase upon
cold stress. Transgenically expressed DGK7 protein has been
shown to have in vitro DGK activity despite the lack of a
C1 domain, which is thought to function in the regulation of
kinase activity in cluster-I DGKs, DGK1 and DGK2 (Gomez-
Merino et al., 2004, 2005; Arisz et al., 2009). DGK7 belongs to
cluster II, together with DGK3 and DGK4 whose activity may
be responsible for the enhanced PtdOH production in dgk7-2
seedlings.

OTHER POTENTIAL SOURCES OF DAG AND PtdOH
Although biochemical evidence strongly suggested a PLC-
DGK route, two alternative enzymes might be considered
as contributors to the cold-induced PtdOH accumulation as
well.

Inositolphosphorylceramide synthase (IPCS) transfers the
inositol phosphate group from PtdIns to ceramide to gener-
ate inositolphosphorylceramide (IPC) and DAG (Figure A1).
In yeast, the PtdIns substrate in this reaction is supplied
through dephosphorylation of PtdIns4P by Sac1, coupling
the consumption of PtdIns4P to the generation of DAG
(Brice et al., 2009). An Arabidopsis IPCS, encoded by ERH1,
has been implicated in pathogenic interactions (Wang et al.,
2008). Interestingly, the physiological functions of PLC- and
IPCS-mediated pathways may rely not only on the genera-
tion of inositol polyphosphates, IPC, and DAG/PtdOH, but
also on the consumption of PtdInsP, which has novel func-
tions in the biogenesis of secretory vesicles and the establish-
ment/maintenance of cell polarity (reviewed by Munnik and
Nielsen, 2011).

Recently, two interesting novel DAG sources have emerged
in Arabidopsis stress responses: a PtdCho-hydrolyzing PLC,
NPC4, that promotes tolerance to osmotic stresses (Peters et al.,
2010), and SFR2, a galactolipid:galactolipid galactosyl transferase
(GGGT), that produces DAG and oligogalactolipids to increase
freezing tolerance (Thorlby et al., 2004; Moellering et al., 2010).
For neither of the enzymes there is direct evidence that links
their activity to stress-induced PtdOH accumulation. Rather, the
enzymes could provide DAG as precursors for the synthesis of
glycerolipids such as PtdCho and MGDG, or triacylglycerol, as for
GGGT (Moellering et al., 2010; Moellering and Benning, 2011). It
will nevertheless be interesting to subject KO mutants and overex-
pression lines of the corresponding genes to a differential PtdOH
screen as we have applied in this study.

PtdOH ACCUMULATION DUE TO COLD-INDUCED INHIBITION OF
GLYCEROLIPID de novo SYNTHESIS?
Cold may have a direct impact on glycerolipid de novo syn-
thesis as it lowers diffusion rates and decreases the number of
substrate molecules that have sufficient energy to allow enzy-
matic reactions (Mahan et al., 2004). In fact, in our differen-
tial labeling experiments we noticed a cold-induced decrease
in the rate of PtdEtn labeling, only visible after approximately
20–30 min of labeling when its de novo synthesis in seedlings
can just be witnessed (Figure 4B). Also in leaf discs, 32P-PtdEtn
labeling was decreased upon cold incubation, suggesting a cold-
induced inhibition of PE’s de novo biosynthesis (Figure A2).
This effect occurred at temperatures ≤8◦C, while the decrease
remained constant at lower temperatures down to 0◦C. In con-
trast, maximum 32P-PtdOH accumulation was achieved at 0◦C
(Figure A2).

Glycerolipid de novo synthesis starts with two acylations of
Gro3P to generate PtdOH (Figure 8). For the synthesis of PtdIns
(and PtdGro), PtdOH is converted to cytidine diphosphate-
diacylglycerol (CDP-DAG), the substrate for phosphatidylinosi-
tol synthase (PIS). Alternatively, PtdOH is dephosphorylated by
phosphatidic acid phosphatase (PAP) to generate DAG as sub-
strate in a reaction by which phosphoethanolamine (EtnP) is
transferred from cytidine diphosphate-ethanolamine (CDP-Etn)
to the lipid moiety, yielding PtdEtn. Cold does not seem to
cause a general inhibition in the uptake of 32Pi or its incorpora-
tion into the Kennedy pathway of glycerolipid de novo synthesis,
since labeling of other structural phospholipids was not affected
by cold stress (Figure A2). Therefore, the cause of decreased
32P-PtdEtn labeling is most likely in the synthesis or supply of its
headgroup.

The precursor CDP-Etn is generated through the cytidylation
of EtnP by phosphoethanolamine cytidylyl transferase (PECT),
analogous to the PtdCho headgroup precursor CDP-Cho,
being the product of phosphocholine cytidylyl transferase
(CCT) using ChoP as substrate. The latter is produced
by repeated methylations of EtnP, catalyzed by phospho-
ethanolaminemethyltranferase (PEAMT). This activity, which is
considered rate-limiting for PtdCho synthesis, likely accounts
for the different labeling kinetics of PtdCho and PtdEtn,
only the latter being radioactively detected after 30 min of
32Pi-labeling.
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FIGURE 8 | Model illustrating potential early effects of cold stress on

phospholipid metabolism and de novo synthesis in Arabidopsis. The
main route to rapid cold-induced PtdOH formation is suggested to be
based on the phosphorylation of PLC-generated DAG from PtdInsP
(reactions 1/3). The activity of PECT, which produces the precursor of the
polar head of PtdEtn, CDP-Etn, is proposed to be down regulated by low
ambient temperature (2). This would lead to reduced PtdEtn formation, and
potentially, to DAG accumulation, which might cause PtdOH to accumulate
as a result from phosphorylation of DAG by a DGK (3), or due to product

inhibition of PAP by DAG (4). The major pathway of PtdCho synthesis
depends on methylation of EtnP to ChoP by PEAMT, which could be
inhibited by PtdOH (5). Note that the model only highlights immediate
effects of cold temperature; longer exposure to cold induces a myriad of
metabolic changes which impact lipid biosynthesis in different ways.
Abbreviations: Acyl-CoA, acyl-coenzyme A; CDS, CDP-DAG synthase;
EK, ethanolamine kinase; EPT, CDP-ethanolamine phosphotransferase;
GPAT, glycerol 3-phosphate acyltransferase; LPAAT, lysophosphatidic acid
acyltransferase; lyso-PtdOH, lysophosphatidic acid.

As previous studies have shown that low temperatures can
inhibit the in vitro activity of recombinant CCT (Inatsugi et al.,
2002), PECT activity is speculated to be similarly downregu-
lated by cold (Figure 8, designated by “2”), resulting in a limited
availability of CDP-Etn for PtdEtn synthesis. This would form
a bottleneck leading to the accumulation of DAG as precur-
sor for PtdEtn synthesis. Notably, this DAG could be an addi-
tional source for cold-induced PtdOH through DGK activity
(Figure 8, reaction 3), which has been shown to be partly local-
ized at the ER in Arabidopsis (Vaultier et al., 2008). Alternatively,
accumulated DAG may block its own formation through feed-
back inhibition of PtdOH phosphatase (Figure 8, reaction 4),
again promoting PtdOH accumulation. Similar regulation of
PAP activity by product inhibition has been demonstrated in
chloroplast envelope membranes from spinach (Malherbe et al.,
1992).

In summary, we have shown a very fast (in minutes)
accumulation of PtdOH in response to cold temperatures
in Arabidopsis seedlings and leaf discs, which was not due

to PLD activity. Instead, 32P-radiolabeling studies indicated a
dominant role of DGK under these conditions. Using single
T-DNA insertion lines, we were unable to pinpoint the DGK
gene(s) involved but do propose that DGK acts in tandem
with a PtdInsP-hydrolyzing PLC, based on the close correla-
tion between the increase in 32P-PtdOH and the decrease in
32P-PtdInsP.

PtdOH accumulation was not affected by the fry1, hos1, and
los1 mutations, consistent with an independent, upstream posi-
tion in cold signaling. Although the snow1 and ice1 mutants
displayed decreased PtdOH levels they likely reflected pleiotropic
effects of the mutations.

Apart from the PLC/DGK route, additional, hypotheti-
cal sources of DAG and PtdOH were discussed, viz. via
IPCS (Figure A1), NPC, GGGT and lipid de novo synthe-
sis (Figure 8). Although for neither of these pathways there
is sufficient evidence at present, they should not be ignored
when studying PtdOH responses to cold or other environmental
stresses.
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Table A2 | Primers used for RT-PCR expression analyses of DGK T-DNA insertion lines.

Gene Direction Primername Sequence

DGK1 sense SALK_053412_LP GGATTCTCCTCCCGTAGATTG

antisense SALK_053412_RP TCATGCCGTACTGGAAAATTC

DGK2 sense dgk2 fw GACTGAGAGTTCCACTTTCTC

antisense dgk2 rv GATCTACTCCACCCATATAGC

DGK3 sense SALK_082600_LP (dgk3-1) TGCTCTCAGTGGGAAGAGATC

antisense dgk3 rv CAAACTTCATTCCTCACAACAC

DGK4 sense dgk4 fw GCAGTTGTTGCATTGAATCTAC

antisense dgk4 rv (A) CCAAAGACTGGTGAGGGACTC

antisense dgk4 r3 (B) CGCATCTTTCCAGTCTCCTC

DGK5 sense dgk5 fw2 CCAGTGGCAGGACCTCCAC

antisense dgk5 rv GGAATCTTGAAGGTATCCGCAG

DGK6 sense dgk6 fw CCTGGAACAGATAGGTCTTCG

antisense dgk6 rv CATTGGCCATTTCTATCACAAATCTG

DGK7 sense SALK_007896_LP CTCCAGGAGTTTTAGTTGGGG

antisense dgk7 rv GTTGTTTCCATGGTTCACCATCC

SAND ref sense At2g28390-Q-fw CAGACAAGGCGATGGCGATA

antisense At2g28390-Q-rv GCTTTCTCTCAAGGGTTTCTGGGT

Sequences of the different primer pairs used to measure the expression of the various DGK genes used in this study. SAND (At2g28390) expression was used as

the reference gene (Hong et al., 2010).

FIGURE A1 | Two pathways with the potential to generate DAG and

PtdOH at the expense of PtdIns4P. PtdIns4P is suggested to be the
substrate of cold-induced PLC activity which not only generates DAG, but
at the same time releases InsP2 that can be converted to InsP6 and/or Ins.
The latter products may have a functional relevance in the stress response
because InsP6 is a signaling compound in plants, and Ins is a precursor
to compatible solutes (Vermeer and Munnik, 2010). Alternatively,
inositolphosphorylceramide synthase (IPCS) generates DAG while
transferring the InsP headgroup from PtdIns to ceramide (Cer), generating
inositolphosphorylceramide (IPC). The PtdIns substrate in this conversion
can be derived from PtdIns4P dephosphorylation, as, in yeast, through Sac1
activity. DAG generated via either of these pathways may subsequently be
phosphorylated by DGK to generate PtdOH.

FIGURE A2 | Cold temperatures suppress 32P-PtdEtn accumulation

in Arabidopsis leaf disks. After 30 min 32P-labeling and 5 min
incubation at the indicated temperatures, phospholipids were
quantitatively analyzed by phosphoimaging. Values are in arbitrary units
(AU) representing means (±SD) of the radioactivity levels.
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FIGURE A3 | Genotyping of the Arabidopsis dgk T-DNA insertion lines.

DNA was isolated from leaf discs from 3 to 4 independent plants and
zygosity determined by PCR using specific wt- and mutant-primer sets as
listed in Table A1. Gel sample order (from left to right): Size marker; Col-0
(wt), with first primer set, LP/RP (= wt band) and second primer set, RP/LB
(= insertion band); Three (or four) independent dgk plants, with first primer

set, LP/RP (= wt band) and second primer set RP/LB (= insertion band); Last
lane, primer control (−). Some gels end with the size marker. Results clearly
show that all lines used are homozygous T-DNA insertion lines since Col-0
was the only line giving wt bands and all insertion lines gave only bands with
the second primer set. For the SALK lines LBb1.3 was used as LB primer, for
the SAIL lines LB3 was used as LB primer (see primer list, Table A1).
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FIGURE A4 | Determination of DGK KO/KD-expression in Arabidopsis

T-DNA insertion mutants by RT-PCR. RNA was isolated from 9-days
old roots (DGK1,−3,−5,−7) or flowers (DGK2,−4,−6) since the latter
genes did not reveal expression in the root (not shown). Predicted
band Sizes: DGK1, 702 bp; DGK3, 592 bp; DGK5, 534 bp; DGK6, 434 bp;

DGK7, 791 bp; SAND (reference gene), 244 bp. Abbreviations: ND, not
detectable; NAC, non-amplification control (test for genomic DNA
contamination), i.e., RT reaction without RT enzyme on Col-0 RNA;
NTC, no target control (test for contamination + primer dimers),
i.e., RT reaction with water sample.
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Diacylglycerol kinase (DGK) is a pivotal enzyme that phosphorylates diacylglycerol (DAG)
to form phosphatidic acid (PA). The production of PA from phospholipase D (PLD) and the
coupled phospholipase C/DGK route is an important signaling process in animal and plant
cells. In this study, we report a genomic analysis of eight putative rice DGKs encoded
by a gene family (OsDGKs) grouped into three clusters. To further investigate the func-
tions of the OsDGKs, a double-stranded RNA (dsRNA)-induced RNA silencing method was
established. Introduction of in vitro-synthesized dsRNAs corresponding to a unique or con-
served region of OsDGKs into rice protoplasts abolished or diminished the expression of
individual or multiple OsDGK genes. Suppressing the expression of OsDGKs resulted in a
distinct depletion of the transcripts of the defense gene OsNPR1 and the salt-responsive
gene OsCIPK15. Our primary results suggest that OsDGKs are involved in the signaling of
stress responses.

Keywords: diacylglycerol kinase, double-stranded RNA, rice, RNA interference

INTRODUCTION
Phospholipase C (PLC) catalyzes the hydrolysis of phosphatidyli-
nositol 4,5-bisphosphate [PtdIns(4,5)P2] to produce diacylglyc-
erol (DAG), which is phosphorylated to phosphatidic acid (PA) by
diacylglycerol kinases (DGKs; Arisz et al., 2009). In animal cells,
DAG and PA are important signaling molecules. DGK is thought
to act as a conversional switch with two functional implications:
the termination of DAG signaling and the initiation of PA sig-
naling (Frere and Paolo, 2009). However, no direct DAG target
(such as PKC in animal cells) has been found in plants, and the
role for DAG as a plant signaling molecule has yet to been con-
firmed (Munnik and Testerink, 2009). In contrast, PA generated
from both the PLD and PLC/DGK pathways is emerging as a stress
signal molecule in plants (Munnik and Testerink, 2009; Hong et al.,
2010; Zhang et al., 2010). PLD-derived PA has been found to regu-
late a series of developmental and environmental responses via its
downstream targets (Li et al., 2009; Zhang et al., 2010). Relatively
little genetic evidence for PA from PLC-coupled DGK regulating
signaling in plant cells has been found (Munnik and Testerink,
2009).

Diacylglycerol kinase activity has been reported in several
plant species, including tobacco, wheat, tomato, and Arabidop-
sis (Kamada and Muto, 1991; Lundberg and Sommarin, 1992;
Wissing and Wagner, 1992; Katagiri et al., 1996; Snedden and
Blumwald, 2000). Recently, multiple DGK-encoding genes have
been isolated from plants (Snedden and Blumwald, 2000; Gómez-
Merino et al., 2005; Chen et al., 2007). In Arabidopsis, AtDGK2 and
AtDGK7 have been biochemically characterized (Gómez-Merino
et al., 2004, 2005). A hydrophobic segment at the N-termini of
AtDGK1 and AtDGK2 is necessary to target the resulting proteins
to endoplasmic reticulum (ER) membranes (Vaultier et al., 2008).

In rice, pharmacological evidence indicates that PLC/DGK-
mediated signaling is required for a benzothiadiazole-induced

oxidative burst and hypersensitive cell death, and the tran-
scription of one OsDGK is induced during this process (Chen
et al., 2007). No genomic analysis of the rice DGK family
has been reported. In this study, we report that OsDGKs are
grouped into three clusters (I, II, and III) based on gene archi-
tecture, evolutionary relationships, and sequence identity. The
transcription of OsDGKs was characterized using RT-PCR and
real-time PCR, and their expression levels following treatment
with xylanase or salt were analyzed. We established a transient
double-stranded RNA (dsRNA)-induced RNA silencing assay
that was used for rapid analysis of OsDGK functions in stress
responses.

MATERIALS AND METHODS
SUSPENSION CELL CULTURES AND TREATMENTS
Rice (Oryza sativa L. Nipponbare ssp. japonica) suspension cells
were initiated from embryogenic calli induced from mature rice
scutella. The cells were grown in 100-ml conical flasks contain-
ing Murashige and Skoog liquid medium supplemented with
3% sucrose and 2 mg/l 2,4-D, and incubated on a rotary shaker
(100–120 rpm) at 26 ± 2˚C in darkness. The suspension cells were
subcultured every 7 day.

Fresh suspension cells were collected by centrifugation after
subculture for 4 to 5 day, and then treated with 200 μg/ml xylanase
(Trichoderma viride; Fluka Bio-Chemika).

RICE SEEDLING GROWTH AND PROTOPLAST ISOLATION
Rice seedlings were grown in a growth room at 27˚C for 2–3 weeks.
Seedlings of 5–8′′ high were used for protoplast isolation accord-
ing to the method of Sheen (2001) with modifications. Stems,
including the sheaths of young seedlings, were cut into ∼0.5–
1.0 mm segments using a razor blade, and immediately placed in
a Petri dish containing K3 medium (see Table A1 in Appendix)
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supplemented with 1.5% cellulase R-10 (Yakult Honsha, Japan)
and 0.3% macerozyme R-10 (Yakult Honsha). The segments were
vacuum-infiltrated for 1 h at 20 mmHg and digested in darkness
with gentle shaking (∼40 rpm) at room temperature for about 4 h.
Following the incubation, the enzyme solution was gently removed
using a glass pipette, and the same volume of W5 solution (154 mM
NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, 5 mM glucose, pH
5.6) was added to the Petri dish for further shaking (∼80 rpm) for
1 h to release the protoplasts. Both the enzyme solution and the
W5 solution were filtered through a 35- to 75-μm nylon mesh.
The protoplasts were collected by centrifugation at 150 × g for
4 min at room temperature. The pelleted protoplasts were washed
twice with W5 solution and counted under a microscope using a
hemocytometer.

STRESS TREATMENTS
Protoplasts (1 × 105) were incubated in a six-well dish with each
well containing 2 ml of WI culture medium (500 mM mannitol,
4 mM MES, 20 mM KCl, pH 5.6) supplemented with 150 μg/ml
xylanase. For salt treatment, protoplasts (1 × 105) were incubated
in modified WI culture medium containing 50 mM NaCl (400 mM
mannitol, 4 mM MES, 20 mM KCl, 50 mM NaCl, pH 5.6). WI cul-
ture medium was used as a control. The protoplasts were incubated
at 28˚C in darkness for the indicated times, followed by harvesting
with centrifugation at 200 × g for 5 min.

RNA ISOLATION, RT-PCR, AND REAL-TIME PCR
Total RNAs were isolated from suspension cells or protoplasts
using Trizol reagent according to the manufacturer’s protocol
(Takara, Japan). Reverse transcription was performed using Prime
Script™RT Reagent Kit (Takara). RT-PCR conditions were as fol-
lows: denaturing at 95˚C for 5 min, followed by 30 cycles of 95˚C for
30 s, 55˚C for 30 s, and 72˚C for 30 s, and a final extension at 72˚C
for 5 min. The primers used for RT-PCR analyses are described in
Table A2 in Appendix. The OsGAPDH gene was amplified as an
internal control.

Real-time PCR conditions were as follows: denaturing at 95˚C
for 30 s, followed by 40 cycles of 95˚C for 5 s, 58˚C for 10 s, and
72˚C for 10 s, and a final extension at 72˚C for 5 min. The primers
used for real-time PCR analyses are described in Table A3 in
Appendix. The expression level of the OsActin gene detected with
actin-specific primers was used to standardize the RNA sample for
each real-time PCR. The real-time PCR was performed according
to the manufacturer’s protocol (SYBR Premix Ex Taq™; Takara)
in an ABI PRISM 7500 real-time PCR system.

IN VITRO SYNTHESIS OF dsRNA
In vitro synthesis of dsRNA was carried out according to the
method of Zhai et al. (2009) with minor modifications. DNA tem-
plates were synthesized by PCR from rice cDNA and engineered
to contain the minimal T7 RNA polymerase promoter sequence

FIGURE 1 | Phylogenetic analysis of the DGK family in rice and

Arabidopsis. Accession numbers for the DGKs are as follows: AtDGK1
(At5g07920), AtDGK2 (At5g63770), AtDGK3 (At2g18730), AtDGK4
(At5g57690), AtDGK5 (At2g20900), AtDGK6 (At4g28130), and AtDGK7
(At4g30340); OsDGK1 (Os04g54200), OsDGK2 (Os08g08110), OsDGK3

(Os02g54650), OsDGK4 (Os12g38780), OsDGK5 (Os03g31180),
OsDGK6 (Os08g15090), OsDGK7 (Os01g57420), and OsDGK8
(Os12g12260). At, Arabidopsis thaliana; Os, Oryza sativa. The
phylogenetic analysis was performed with the neighbor-joining method
using the MEGA program.
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(TAATACGACTCACTATAGGGAGG) at both the 5′ and 3′ ends.
The primers used to amplify DNA from the targeted genes are
listed in Table A4 in Appendix. The PCR conditions were as fol-
lows: denaturing at 94˚C for 5 min, followed by 32 cycles of 94˚C
for 30 s, 62˚C for 45 s, and 72˚C for 1 min, and a final extension at
72˚C for 10 min. dsRNAs were synthesized in vitro using the Ribo-
MAX™Large Scale RNA Production Systems T7 Kit (Promega)
according to the manufacturer’s recommendations. DNA tem-
plates were removed using RNase-free DNase (Promega). dsRNA
was purified using the RNeasy kit (Qiagen). The dsRNA was dis-
solved in DEPC-treated H2O, and its yield was measured using a
UV spectrometer. Typical yields of RNA from 1 μg of DNA tem-
plate were in the 80- to 100-μg range. The dsRNA was separated
on a 1% agarose gel to check its integrity and size.

To prepare the fluorescent dsRNAs, a 40-bp of dsRNA directed
against OsPLDα1 was synthesized, and labeled with FAM fluores-
cence at the 5′ end of sense strand. The sense and antisense strands
of dsRNAs were: 5′-AGGCGCCACCAAGGUGUAUUCUACCA
UUGAUCUGGAGAAA (sense); 5′-UUUCUCCAGAUCAAUGGU
AGAAUACACCUU GGUGGCGCCU (antisense). The transfec-
tion of the dsRNA was done according to the protocol by the man-
ufacturer (GenePharma, China). The fluorescence was visualized
under a confocal microscope (TCS SP2, Leica, Germany).

TRANSFECTION OF PROTOPLASTS WITH dsRNAs
Protoplasts (1 × 106 ml−1) in W5 solution were incubated on ice
for 30 min. The protoplasts were pelleted and resuspended at
1 × 106 ml−1 in MMg solution (0.6 M mannitol, 15 mM MgCl2,
4 mM MES, pH 5.6). dsRNA (5–10 μg) was added to 100 μl of pro-
toplasts (1 × 105 in MMg solution) to which an equal volume of
PEG solution [40% (v/v) PEG4000, 0.4 M mannitol, 0.1 M CaCl2]
was gradually added, and the mixture was incubated at room
temperature in darkness for 15 min. The transfected protoplasts
were collected by centrifugation for 2 min at 150 × g after diluting
the transfection mixture with 600 μl of W5 solution. The proto-
plasts were resuspended in 1 ml of W5 solution and incubated in
a six-well culture plate at 28˚C in darkness for the indicated times.

RT-PCR ANALYSIS OF GENE EXPRESSION IN RNAi PROTOPLASTS
At the end of the transfection, the protoplasts were collected by
centrifugation for 2 min at 150 × g. Total RNAs were isolated from
protoplasts with the Trizol reagent according to the manufacturer’s
protocol (Takara). Reverse transcription was performed using the
Prime Script™RT reagent Kit (Takara). The primers used for
RT-PCR analyses are described in Table A2 in Appendix. The gene-
silencing effect of the dsRNA was visualized in a 1% agarose gel,
comparing the relative expression of RNAi-targeted genes to that
of OsGAPDH. All photographs were taken in the Bio-Rad UV-Gel
documentation system using Quantity-One analysis software.

GENOMIC SEARCH AND SEQUENCE ANALYSIS
To identify DGK gene homologs in rice, BLAST searches were
performed using the reported sequences of OsDGK (Os04g54200;
Zhang et al., 2008) and AtDGK (Gómez-Merino et al., 2004) at
the TIGR1 and NCBI2 web sites. Sequences of rice and Arabidopsis

1http://rice.plantbiology.msu.edu
2http://www.ncbi.nlm.nih.gov/

DGK (Gómez-Merino et al., 2004) proteins were aligned using
CLUSTAL X (ver. 1.83), and a phylogenetic tree was constructed
with the neighbor-joining method using the MEGA program3.

DOMAIN ANALYSIS
Searches for conserved domains in the OsDGK proteins were
carried out using SMART4 and PFAM5

RESULTS
THE DGK FAMILY IN RICE
To identify members of the DGK family in rice (O. sativa),
sequence information from Arabidopsis and rice was used to per-
form searches of relevant DNA databases and protein domains.
Text searches using the keyword “diacylglycerol kinases” were also
performed. Eight putative genes were identified in rice using these
approaches. The obtained sequences were further analyzed for
their potential to encode a DGK using the programs PFAM and
SMART. To study the evolutionary relationships between differ-
ent DGK members, the MEGA program was used to analyze the
phylogenetic relationships of DGKs from rice and Arabidopsis
(Figure 1). The results indicate that OsDGKs fall into three phylo-
genetic clusters, as also described for the AtDGKs (Gómez-Merino
et al., 2004). Cluster I comprises OsDGK (4, 5, 8), and its closest
homologs are AtDGK (1, 2); cluster II contains OsDGK (3, 6), and
AtDGK (1, 4, 7 ) are within the same group; finally, the isoforms
OsDGK (1, 2, 7 ) fall into cluster III, along with AtDGK (5, 6).

PROTEIN DOMAINS IN OSDGKs
Domain analyses using the SMART and PFAM databases revealed
that the rice DGK family contains a catalytic domain, an accessory
domain, a C1 domain, and a PPR domain (Figure 2). In eukaryotic
DGKs, the kinase domain contains a conserved catalytic domain
with a presumed ATP binding site, and an accessory domain to
make contact with the catalytic domain (Gómez-Merino et al.,

3http://www.megasoftware.net
4http://smart.embl-heidelberg.de/
5http://pfam.sanger.ac.uk/search.

FIGURE 2 | Schematic presentation of the structure of OsDGK

proteins. Conserved domains were identified by SMART and are
highlighted in different colors.
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2004; Arisz et al., 2009). The C1 domain contains a tandem Cys-
rich sequence, which was first identified in PKC as binding to
DAG and phorbol esters (PE; Azzi et al., 1992). This domain was
suggested to exist in Arabidopsis DGKs (AtDGK1 and AtDGK2;
Gómez-Merino et al., 2004; Arisz et al., 2009). The PPR (pen-
tatricopeptide repeat) domain has been proposed to mediate

FIGURE 3 | RT-PCR analysis of OsDGK transcripts in rice cells treated

with xylanase. Suspension cells were treated with 200 μg/ml xylanase for
the indicated times, and OsDGK transcripts were monitored by RT-PCR.
Approximately 0.1 μg of total RNA was used in each PCR. OsDGK6 was
undetectable in cells with or without xylanase treatment. The OsGAPDH
gene was used as an internal control.

macromolecular interactions. More than 400 genes encoding PPR
proteins have been reported to exist in Arabidopsis, and most are
predicted to reside in either mitochondria or chloroplasts (Small
and Peeters, 2000; Lurin et al., 2004).

All of the OsDGKs were found to contain a catalytic domain
and an accessory domain. In addition, OsDGK (4, 5, 8) harbor two
C1 domains, whereas OsDGK6 has four putative PPR domains
(Figure 2). To our knowledge, among the reported plant DGKs,
only OsDGK6 contains a PPR domain. It should be noted that
OsDGK6 could be a unique (or putative) OsDGK, according
to protein structure analysis (Figure 2), but it was nevertheless
grouped into the same cluster (II) as OsDGK3 in a bioinformatics
analysis (Figure 1). A similarity analysis revealed the highest sim-
ilarity between OsDGK6 and OsDGK3 (Table A5 in Appendix).
In addition, we isolated all OsDGK cDNAs except for that of
OsDGK6. RT-PCR analysis did not detect the OsDGK6 tran-
script under normal or stress conditions (Figure 3); therefore,
the existence and function in rice of this OsDGK have yet to be
determined.

XYLANASE-INDUCED EXPRESSION OF OsDGK IN CELLS
The expression of OsDGK genes in suspension cells was analyzed
using RT-PCR. Under control conditions, the transcription of
six of the eight OsDGKs (all except for OsDGK2 and OsDGK6)
was confirmed. The activation of PLC and DGK pathway has
been reported in tomato cells treated with the fungal elicitor
xylanase (Laxalt et al., 2007). We therefore explored whether

FIGURE 4 | Real-time PCR analysis of the expression of OsDGK (1, 2, 3, 7 ). Rice protoplasts were treated with 150 μg/ml xylanase. The transcripts of four
OsDGK genes were monitored with real-time PCR.The data shown are averages of three replicates, each with three PCR samples from the same cDNA archive.
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expression of OsDGK(s) are activated by the xylanase. Treatment
of cells with 200 μg/ml xylanase led to increases in the tran-
scription of OsDGK (1, 2, 3, 4). Although the basal transcript
levels of OsDGK (5, 7, 8) were high, their transcription was not
affected by xylanase treatment. The transcription of OsDGK6 was
undetectable with or without xylanase (Figure 3).

We selected OsDGK (1, 2, 3), which were induced by xylanase,
and OsDGK7, which was not induced by xylanase, for further test-
ing with real-time PCR. As shown in Figure 4, the transcription
of both OsDGK1 and OsDGK3 gradually increased in xylanase-
treated protoplasts. The transcription of OsDGK2 exhibited a
sharp peak at 2 h after the addition of 150 μg/ml xylanase. A peak
in the OsDGK2 transcript was also found in the RT-PCR analysis,
but it appeared earlier, probably due to the higher concentration

of xylanase (150 μg/ml there) used. The transcription of OsDGK7
was not affected by xylanase under the tested conditions.

TRANSIENT SUPPRESSION OF OsDGK EXPRESSION BY INTRODUCTION
OF THE CORRESPONDING dsRNA
To study the functions of OsDGKs in rice cells, we established
methods for dsRNA-induced RNA silencing according to pub-
lished procedures (Endo et al., 2008; Zhai et al., 2009). Transfection
with in vitro-synthesized dsRNAs against target genes into cells
resulted in the depletion of their transcripts due to the combined
actions of the DICER enzyme and the RNA-induced silencing
complex (RISC) enzyme (Figure 5A).

We first selected OsPLDα1 to test because the expression of
its mRNA was characterized in our previous work (Shen et al.,

FIGURE 5 | Double-stranded RNA-induced RNA silencing in rice

protoplasts. (A) Simple illustration of dsRNA-induced RNA silencing.
When a long dsRNA is introduced into plant cells, the endogenous DICER
enzyme cuts long dsRNA into short siRNAs. The RNA-induced silencing
complex (RISC) enzyme attaches to these siRNAs, forming the
siRNA–RISC complex (Plasterk, 2002). The target mRNA is attached to the
siRNA–RISC complex and cleaved into small pieces. This process inhibits
the expression of target genes. (B) Dose dependence of the transient
RNAi silencing of OsPLDα1 in rice protoplasts. Protoplasts were
transfected with 0, 5, or 10 μg of dsRNA against OsPLDα1 (RNAi) or with
sterile water (Control), followed by incubation in darkness for 24 h. The

silencing effect of OsPLDα1 was monitored using RT-PCR. (C) Time
dependence of transient RNAi silencing of OsPLDα1 in rice protoplasts.
Protoplasts were transfected with 10 μg of a dsRNA against OsPLDα1
(RNAi) or with sterile water (Control). RNAi and control protoplast samples
were collected at 24 and 50 h, respectively, and then analyzed with RT-PCR
for OsPLDα1 transcripts. 18S rRNA was amplified as an internal control.
(D) A 40-bp of synthesized dsRNA labeled with FAM fluorescence at the 5′

end of sense strand against OsPLDα1 was transfected into rice
protoplasts. The fluorescence was visualized under a confocal microscope
after 8 h incubation in darkness. Control, protoplasts were transfected with
water.
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2011). A dsRNA against a 486-bp sequence corresponding to the
OsPLDα1 coding sequence was synthesized in vitro. Rice pro-
toplasts were transfected with 5 or 10 μg of dsRNA (RNAi) or
with sterile water (control, as a mock transfection) and incubated
for 24 h in darkness. The silencing effects of dsRNA were dose-
dependent (Figure 5B). This inhibition of transcription lasted for
at least 50 h (Figure 5C).

To prove the in vitro-synthesized dsRNA was transported into
protoplasts, we synthesized a 40-bp dsRNA labeled with FAM flu-
orescence at the 5′ end of sense strand against OsPLDα1, and
transfected into rice protoplasts. The transfected protoplasts were
visualized under a fluorescent microscope after 8 h incubation in
darkness. The fluorescence was found in protoplasts. As a con-
trol, no fluorescence was found in the protoplasts transfected with
sterile water (Figure 5D). This together with the RT-PCR results
suggest that in vitro-synthesized dsRNA had been transported into
protoplasts and suppressed gene transcripts.

We then tried to silence expression of the OsDGK family.
Two in vitro-synthesized dsRNAs against conserved regions of
OsDGK (1, 2, 3, 7 ) and OsDGK (4, 5, 8) were simultaneously trans-
fected into protoplasts. Mock-transfected protoplasts (control)
and two dsRNA-transfected protoplasts (RNAi) were collected
for RT-PCR analysis after incubation in darkness for 24 h. The
abundance of the OsDGK transcripts after RT-PCR analysis was
normalized to the internal standard gene OsGAPDH. As shown
in Figure 6A, the transcription of seven OsDGKs was success-
fully repressed simultaneously by two dsRNAs as compared the
mock-transfected control.

We next carried out gene-specific interference of the expres-
sion of OsDGK s. RT-PCR analysis was undertaken for OsDGK2,
OsDGK3, and OsDGK7 after transient RNAi using in vitro-
synthesized dsRNAs corresponding to their 3′-untranslated
regions (3′-UTRs). The expression of OsDGK2 was repressed
significantly by introducing in vitro-synthesized dsRNA directed
against its 3′-UTR, whereas the expression of OsDGK3 and
OsDGK7 was not affected (Figure 6B). Similarly, gene-specific
interference was found for OsDGK3 versus OsDGK2 and OsDGK7,
and OsDGK7 versus OSDGK2 and OsDGK3. Taken together, these
results suggest that the introduction of dsRNAs is effective for
targeted gene silencing in rice protoplasts.

EFFECT OF THE TRANSIENT SILENCING OF OsDGK ON THE
TRANSCRIPTION OF GENES RELATED TO STRESS TOLERANCE
Using the transient RNA interference assay, we next explored
the functions of the OsDGK s in stress responses. The WRKY
transcriptional factors have been reported to be involved in vari-
ous stress responses; in particular, overexpression of OsWRKY71
enhances resistance to virulent bacterial pathogens (Liu et al.,
2007). Treatment of protoplasts with xylanase (150 μg/ml)
induced an increase in the expression of OsWRKY71 and the
pathogen-related gene OsNPR1 (Liu et al., 2005). Transient silenc-
ing of OsDGK s triggered by the introduction of two dsRNAs
corresponding to the conserved regions of OsDGK (1, 2, 3, 7 ) and
OsDGK (4, 5, 8; Figure 6A) prevented the increases in expression
of OsWRKY71 and OsNPR1 induced by xylanase (Figures 7A,B).

We next asked whether OsDGKs regulate abiotic stress
responses. The expression of OsWRKY7 was not affected by salt

FIGURE 6 | Multi-gene and specific gene silencing of OsDGKs in

protoplasts using transient RNAi. (A) Multi-gene silencing of OsDGKs in
rice protoplasts using transient RNAi. RT-PCR analysis of OsDGKs was
performed after transient RNAi by simultaneously introducing two
in vitro-synthesized dsRNAs against conserved regions of OsDGK (1, 2, 3,
7 ) and OsDGK (4, 5, 8 ). Mock-transfected (Control) and two
dsRNA-transfected protoplasts (RNAi) were incubated for 24 h, followed by
protoplast collection for RNA isolation. OsGAPDH was amplified as an
internal control. (B) Gene-specific silencing of OsDGKs in rice protoplasts
with transient RNAi. RT-PCR analysis of OsDGK2, OsDGK3, and OsDGK7
was performed after transient RNAi using in vitro-synthesized dsRNAs
against the 3′-UTR regions of each. dsRNA-transfected (RNAi) and
mock-transfected (Control) protoplasts were incubated for 24 h, followed by
protoplast collection for RT-PCR analysis. OsGAPDH was amplified as an
internal control.

stress; transient silencing of OsDGK s had no effect on OsWRKY7
expression (Figure 8A). However, under salt stress, the expression
of OsCIPK15 (CIPK, for calcineurin B-like protein interaction
protein kinase) was induced, and the overexpression of OsCIPK15
improved the salt tolerance of rice seedlings (Xiang et al., 2007). An
increase in the transcription of OsCIPK15 was also observed in rice
protoplasts exposed to NaCl solution. This NaCl-induced increase
in OsCIPK15 was repressed in cells in which OsDGK s were tran-
siently silenced (Figure 8B). These results suggest that OsDGKs
regulate abiotic and biotic stresses through different signaling
pathways.

DISCUSSION
Diacylglycerol kinase phosphorylates DAG to generate PA, serv-
ing as a DAG consumer as well as a PA generator. Therefore,
DGK is thought to regulate the balance between these two lipid
messengers by catalyzing their interconversion (Frere and Paolo,
2009). The mammalian DGKs are a large enzyme family with
10 isozymes, which are subdivided into five groups according to
their structural features (Sakane et al., 2007). In the Arabidop-
sis genome, seven DGK isoforms that form three clusters have
been identified (Gómez-Merino et al., 2004). The rice DGKs also
group into three clusters (Figure 1). Both Arabidopsis and rice
DGKs contain catalytic and accessory domains (Gómez-Merino
et al., 2004; Figure 2). OsDGK(4, 5, 8) and AtDGK(1, 2) belong
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FIGURE 7 | Effects of silencing of OsDGKs on OsWRKY71 and OsNPR1
transcription induced by xylanase in rice protoplasts. After transient
RNAi using two in vitro-synthesized dsRNAs against conserved regions of
OsDGK (1, 2, 3, 7 ) and OsDGK (4, 5, 8 ) for 24 h, the transfected protoplasts
were treated with 150 μg/ml xylanase for 6 h. The protoplasts were
collected for real-time PCR analysis to detect transcripts of OsWRKY71 (A)

and OsNPR1 (B). Values followed by different letters differ significantly
(P < 0.01).

to cluster I, which possesses two cysteine-rich domains conferring
C1 domains. These domains are absent from other Arabidopsis
and rice DGKs (Figure 2; Vaultier et al., 2008). The C1 domain
can bind to proteins to modulate the interaction with lipids and
proteins (Colon-Gonzalez and Kazanietz, 2006). AtDGK7 still
displays kinase activity in the absence of the C1 domain (Gómez-
Merino et al., 2005), suggesting that this domain is not necessary
for its phosphorylation activity (Snedden and Blumwald, 2000). By
fusion with fluorescent proteins, the hydrophobic segment in the
amino-terminal region upstream of the C1 domain in AtDGK1
and AtDGK2 has been proven to be sufficient and necessary to
sequester proteins to ER membranes (Vaultier et al., 2008). How-
ever, whether the final localization of full-length DGKs is identical
with this segment is unclear. Much less is known about plant DGKs
than animal DGKs.

Transient RNA interference caused the decreased expression of
unique and multiple OsDGK genes in rice protoplasts (Figure 6).
This approach has also been successfully used in Arabidopsis and

FIGURE 8 | Effects of silencing of OsDGKs on transcription of

OsWRKY71 and OsCIPK15 induced by NaCl in rice cells. Following
transient RNAi using two in vitro-synthesized dsRNAs against conserved
regions of OsDGK (1, 2, 3, 7 ) and OsDGK (4, 5, 8 ) for 24 h, the transfected
protoplasts were treated with 50 mM NaCl for 6 h. The protoplasts were
collected for real-time PCR analysis to detect transcripts of OsWRKY71 (A)

and OsCIPK15 (B). Values followed by different letters differ significantly
(P < 0.01).

Zinnia (Endo et al., 2008; Zhai et al., 2009). Introduction of in
vitro-synthesized dsRNAs corresponding to the cellulose synthesis
gene CesA into Zinnia cells repressed the expression of Zinnia
CesA homologs. The repression phenocopies Arabidopsis cellulose
synthase mutants that have defects in secondary cell wall synthesis
and increased abnormal tracheary elements (Endo et al., 2008). In
our work, repression of multiple OsDGK genes impaired stress-
induced gene expression (Figures 7 and 8). The combination of
transient RNA interference and DGK mutants will help to fully
elucidate the functions of DGKs in plants.
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APPENDIX

Table A1 | K3 medium used for rice protoplast system.

K3 medium 10 × B5 Macro, 100 × B5 micro (I), 1000 × B5 micro (II), 100 × B5 vitamins, 200 × MES (0.1 g/ml), 500 × myo-inositol

(0.05 g/ml), 100 × NH3NO3 (25 mg/ml), 100 × CaCl2 (75 mg/ml), 100 × xylose (25 mg/ml), 0.4 M d-mannitol. pH is adjusted

to 5.6 by 1 M KOH.

10 × B5 Macro (1 l) KNO3 25 g, (NH4)2SO4 1.34 g, CaCl2·2H2O 1.5 g, MgSO4·7H2O 2.5 g, NaH2PO4· H2O 1.5 g.

100 × B5 Micro(I) (1 l) MnSO4·H2O 0.78 g, ZnSO4·7H2O, 0.2 g, H3BO3 0.3 g, KI 0.075 g.

1000 × B5 Micro(II) (1 l) NaMoO4·2H2O 0.250 g, CuSO4·5H2O 25 mg, CoCl2·6H2O 25 mg.

100 × B5 Vitamins (1 l) Vitamin B1 (thiamine-HCl) 1 g, vitamin B6 (pyridoxine-HCl) 0.1 g, nicotinic acid 0.1 g.

K3 medium was prepared according to the method by Chen et al. (2006) with minor modification.

Table A2 | List of oligos used for RT-PCR analysis.

Genes Directions Oligos (5′–3′)

OsDGK1 Forward CTGGCACCAGGAAAGTACAAGATAGAGAC

Reverse TCGTGGTTGCTACAGCACATCGG

OsDGK2 Forward AGACTTATTGAGGTTGTTGGATTCCGTGAT

Reverse CAGGGATCTTGAATGTATCTGCGGC

OsDGK3 Forward GTTCTGAATGGGAGCAAGTTACAATGC

Reverse AGAGAAGGGTAAGGAACTTTGTTTATCTCG

OsDGK4 Forward ATCGCTCTGAGGAGGATTCTTTCTGC

Reverse CTTCAATATCAGATGGCGGGTCAATAG

OsDGK5 Forward TGAGATTCCAGAGGATTCAGAAGGTGTT

Reverse CCTCTTCTGAGATGCAGTGATTAGGTGAC

OsDGK6 Forward CCATTCGGATAGTCAAGAACCTC

Reverse CCAACTATGCGGACTTAACCAG

OsDGK7 Forward GGGGAAGAGAAATCCTGGAACAGATG

Reverse ATTGGATGACATAGGGATGCACAGAAC

OsDGK8 Forward TCTGTCTGTGAAAGAAGTTGCCCAAG

Reverse TCTTGCCGTTAATGAAAACAAGCAGT

OsPLDα1 Forward GGTAACCGTGAGGTGAAGCA

Reverse GCATTCCCAGGTGCTCGTAC

OsGAPDH Forward ACCACAAACTGCCTTGCTCC

Reverse ATGCTCGACCTGCTGTCACC

18S rRNA Forward CCTATCAACTTTCGATGGTAGGATA

Reverse CGTTAAGGGATTTAGATTGTACTCATT
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Table A3 | List of oligos used for real-time PCR analysis.

Genes Directions Oligo (5′–3′)

OsDGK1 Forward GGCTGCTTGGTGTAGTTAGTG

Reverse TCTTGGTCAGTGGTTGGGTT

OsDGK2 Forward TCGTCTGTCTCAACCTGCCTAG

Reverse CACGGAATCCAACAACCTCAAT

OsDGK3 Forward GAATGGGAGCAAGTTACAATG

Reverse ATCGGAATGAGCTTCGACAA

OsDGK7 Forward TACAGTCAGTAAGACAAGCGAAAG

Reverse CAGCGAATGAGGCAAATCCA

OsWRKY71 Forward CGCCGACCCATCCGACCTCA

Reverse TCTTGACAGGGCAGGCGGGA

OsNPR1 Forward CCCGCGATGTTCGAACGTGC

Reverse CGACGAGAGCCCCGACCTGT

OsCIPK15 Forward GTTACCACTTCCTATCATATCATC

Reverse CTAAACATCAACTCTCCAAATAC

OsActin Forward AGGAAGGCTGGAAGAGGACC

Reverse CGGGAAATTGTGAGGGACAT

Table A4 | List of oligos used in amplifying DNA templates for in vitro dsRNA synthesis.

Targeted Gene Directions Oligos (5′–3′) Size of dsRNA (bp)

OsPLDα1 Forward GCTTAATACGACTCACTATAGGGAGGTTGACGATGAGTACATCATCATCGG 486

Reverse GCTTAATACGACTCACTATAGGGAGGCTATGAGGTGAGGATGGGGGGCATG

OsDGKs(1,2,3,7) Forward GCTTAATACGACTCACTATAGGGAGGTGTCGGCTTTCGCGATGCCT 208

Reverse GCTTAATACGACTCACTATAGGGAGGGGCTGCTTCCATGGCTCCCC

OsDGKs(4,5,8) Forward GCTTAATACGACTCACTATAGGGAGGCGCGCGCAGAGGTTAGCTCA 229

Reverse GCTTAATACGACTCACTATAGGGAGGGGAGGCCGCATGGCCGATAG

OsDGK2 (3′-UTR) Forward GCTTAATACGACTCACTATAGGGAGGAATTGGTATCTTTTCTAGGTTGCAT 260

Reverse GCTTAATACGACTCACTATAGGGAGGTCTGCTGAACAATAAACAAGAAATC

OsDGK3 (3′-UTR) Forward GCTTAATACGACTCACTATAGGGAGGAATCAGGGTCGTATTCTAGATCGTT 303

Reverse GCTTAATACGACTCACTATAGGGAGGCATAACAGGAGGGGAAATCTGAGTA

OsDGK7 (3′-UTR) Forward GCTTAATACGACTCACTATAGGGAGGTGACGAGGTTTTGTACGTATGGCTG 342

Reverse GCTTAATACGACTCACTATAGGGAGGCGTGGAGGTATATTCTGCGGGTAGT

Table A5 | Amino acid sequence identities among OsDGKs.

OsDGK1 OsDGK2 OsDGK3 OsDGK4 OsDGK5 OsDGK6 OsDGK7 OsDGK8

OsDGK1 81 32 27 25 29 63 25

OsDGK2 31 25 25 29 62 24

OsDGK3 24 25 54 33 26

OsDGK4 59 17 25 50

OsDGK5 16 23 52

OsDGK6 30 17

OsDGK7 24

OsDGK8
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The activation of phospholipase D (PLD) produces phosphatidic acid (PA), whereas plant
sphingosine kinase (SPHK) phosphorylates long-chain bases to generate long-chain base-
1-phosphates such as phytosphingosine-1-phosphate (phyto-S1P). PA and phyto-S1P have
been identified as lipid messengers. Recent studies have shown that PA interacts directly
with SPHKs in Arabidopsis, and that the interaction promotes SPHK activity. However,
SPHK and phyto-S1P act upstream of PLDα1 and PA in the stomatal response to abscisic
acid (ABA). These findings indicate that SPHK/phyto-S1P and PLD/PA are co-dependent
in the amplification of lipid messengers, and that crosstalk between the sphingolipid-
and phospholipid-mediated signaling pathways may play important roles in plant stress
signaling.

Keywords: phospholipase D, phosphatidic acid, sphingosine kinase, phytosphingosine, lipid signaling, abscisic acid

INTRODUCTION
Different classes of lipids have been implicated as lipid messengers
in plant growth, development, and stress responses, and recent
results have begun to unveil complex interactions among differ-
ent lipid signaling pathways (Peters et al., 2010; Guo et al., 2011).
Under a given stress, more than one lipid mediators are often pro-
duced, with some being antagonistic and others having similar
functions. Both phosphatidic acid (PA) and long-chain base-1-
phosphate (LCBP) promote abscisic acid (ABA)-mediated stom-
atal closure and decrease reactive oxygen species (ROS)-induced
cell death (Jacob et al., 1999; Zhang et al., 2003; Coursol et al., 2005;
Shi et al., 2007). ABA and ROS are pivotal signals impacting various
aspects of plant growth and stress responses. This raises intriguing
questions of how these two lipid signaling processes interact to
mediate plant stress responses. Recent results indicate a crosstalk
between phospholipase D (PLD) and sphingosine kinase (SPHK)
during the production of lipid messengers. These interactions of
phospholipid- and sphingolipid-mediated signaling pathways may
play important roles in plant response to various stresses.

DIFFERENT PLDS INVOLVED IN DIVERSE STRESS
RESPONSES
Phospholipase D hydrolyzes phospholipids to produce PA and a
free head group (Figure 1). This enzyme was first discovered in
plants and has since been found to occur also in bacteria, fungi,
and animals (Wang et al., 1994; Qin et al., 1997; Wang, 2001).
The Arabidopsis genome has 12 genes encoding PLDs, which are
grouped into six classes, PLDα(1–3), β(1, 2), γ(1–3), δ, ε, and
ζ(1, 2) based on the gene sequences, protein domain structures,
and enzymatic biochemical properties (Wang et al., 2006). PLDα,
β, γ, δ, and ε contain a Ca2+/phospholipids-binding C2 domain
whereas PLDζ1 and ζ2 contain the pleckstrin homology (PH) and
phox homology (PX) domain (Wang et al., 2006). All the PLDs
have two conserved HxKxxxD (HKD) motifs that are involved

in catalytic activities (Wang et al., 2006; Li et al., 2009). Some of
the C2-containing PLDs contain a polyphosphoinositide-binding
region (PBR1) located between two HKD domains, which binds
phosphatidylinositol 4,5-bisphosphate (PIP2; Zheng et al., 2002).

These sequence differences provide a structural basis for dis-
tinctively different biochemical properties for different PLDs. All
the C2-containing PLDs require Ca2+ for activity, but PX and
PH-containing PLDζs do not (Wang et al., 2006). In addition, the
differences in the C2 sequences can explain in part, the differ-
ent Ca2+ concentration requirements. PLDα1 is most active when
assayed at millimolar [Ca2+] whereas PLDβ1 and PLDγ1 require
micromolar concentrations of Ca2+ for optimal activity and also
require PIP2 as a co-factor (Qin et al., 1997; Zheng et al., 2002; Pap-
pan et al., 2004). PLDδ and PLDε both are active within a broad
range of Ca2+ concentrations (μM–mM; Hong et al., 2008, 2009).
PLDδ requires oleate and PIP2 for its activity, but PLDε is active
under the reaction conditions of PLDα1, β1, γ1, and δ (Wang and
Wang, 2001; Qin et al., 2002; Hong et al., 2008). Arabidopsis PLDs
also selectively hydrolyze common membrane phospholipids such
as PC, PE, and PG (Li et al., 2009). The varied co-factor require-
ments and substrate preferences for different PLDs indicate that
specific PLDs are activated differently in the cell, and may have
unique cellular and physiological functions (Li et al., 2009).

Different PLDs are involved in various physiological processes,
displaying unique and overlapping functions (Figure 1; Li et al.,
2009). PLDα1-deficient plants have an altered plant response to
several stresses, including water loss (Sang et al., 2001a), ROS pro-
duction (Sang et al., 2001b; Zhang et al., 2009), and salt tolerance
(Bargmann et al., 2009;Yu et al., 2010). PLDδ is involved in freezing
tolerance (Li et al., 2004), dehydration (Katagiri et al., 2001), salt
tolerance (Bargmann et al., 2009), H2O2-induced programmed
cell death (PCD; Zhang et al., 2003), microtubule organization,
and cytoskeletal rearrangement (Gardiner et al., 2001, 2003).
PLDα3 is also involved in salt tolerance (Hong et al., 2008) whereas
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FIGURE 1 | Generation of PA from phospholipids and PA target proteins

functionally characterized in plants. PA is generated via two pathways
during stress responses: PLD hydrolyzes phospholipid to generate PA, and
PLC hydrolyzes phospholipid to generate DAG which can be phosphorylated
by DAG kinase (DGK). PA has been found to interact with target proteins to
regulate cellular functions. Examples of PA regulation of target proteins are
discussed in the text and the references are cited in the text. *Indicates
that PA is generated from PLD while others are not determined.

PLDε enhances Arabidopsis nitrogen signaling and growth (Hong
et al., 2009). PLDζ1 and ζ2 are involved in lipid remodeling and
root growth in plant responses to phosphate deprivation (Cruz-
Ramirez et al., 2006; Li et al., 2006a,b). PLDζ1 is implicated in
root-hair patterning (Ohashi et al., 2003), and PLDζ2 participates
in vesicle trafficking to regulate auxin response (Li and Xue, 2007).

PA AS A PIVOTAL CLASS OF LIPID MESSENGERS
One mechanism by which PLDs affect plant stress responses is
to produce PA, which has been identified as a class of lipid mes-
sengers in plants and animals (Figure 1). PA constitutes less than
1% of total phospholipids in most plant tissues, but the cellular
level of PA changes dynamically in plants under abiotic and biotic
stresses (Wang et al., 2006). The amount of PA in Arabidopsis leaves
increased more than 60% within 10 min of application of ABA
(Zhang et al., 2004). Other stresses, including wounding, freez-
ing, various osmotic stresses, oxidative stress, and drought, induce
accumulation of PA (Li et al., 2009). Manipulations of various
PLDs in Arabidopsis have shed light on the regulatory functions of
PA. Characterization of knockouts, knockdown, and overexpres-
sion lines of PLDs, has shown that PA produced from different
PLDs has unique roles in plant response to different stresses,
including water deficits, high salinity, freezing, phosphate depriva-
tion, nitrogen availability, and plant-pathogen interactions (Sang
et al., 2001b; Zhang et al., 2003; Hong et al., 2008, 2009; Bargmann
et al., 2009; Peters et al., 2010).

One mode of PA action is its direct interaction with target pro-
teins (Figure 1). In yeast and animal cells, PA binds to transcrip-
tional factors, protein kinases, lipid kinases, protein phosphatases,
and proteins involved in vesicular trafficking and cytoskeletal
rearrangement (Wang et al., 2006; Gomez-Cambronero, 2010).
In plants, PA has been found to interact with ABI1 PP2C phos-
phatase (Zhang et al., 2004), phosphoinositide-dependent protein
kinase1 (Anthony et al., 2004), phosphoenolpyruvate carboxy-
lase (Testerink et al., 2004), CTR1 protein kinase (Testerink et al.,
2007), the actin capping protein AtCP (Huang et al., 2006), lipid
transport protein TGD2 (Lu and Benning, 2009), NADPH oxidase
(Zhang et al., 2009), mitogen-activated protein kinase 6 (Yu et al.,

FIGURE 2 | Phosphorylation of sphingosine and phytosphingosine by

SPHK and the interaction SPHK and PA. (A) SPHK catalyzes the
formation of S1P or phyto-S1P from sphingosine or phytosphingosine. S1P
or phyto-S1P can be degraded by S1P phosphatase (SPP) or S1P lyase (not
shown). (B) Surface plasmon resonance (SPR) analysis of interaction of PA
with SPHK1. Liposomes containing PC only or PC plus 16:0/16:0 or
18:1/18:1 PA were used to analyze the interaction. Liposome containing of
PC did not bind to SPHK1. Liposomes containing both PC and PA (16:0/16:0
or 18:1/18:1) bound to SPHK1. (B) is based on data from Guo et al., 2011.

2010), and SPHK (Guo et al., 2011; Figure 1). Several potential
PA-interacting proteins were identified by PA-affinity chromatog-
raphy followed by mass spectrometric analyses in plants (Testerink
et al., 2004). PA-protein interaction may modulate the function of
a protein in two ways, tethering it to the membrane to change their
localization, and/or increasing or decreasing the enzyme catalytic
activity. For example, PLDα1-derived PA interacts with ABI1 and
tethers ABI1 to the plasma membrane (Zhang et al., 2004). PA
binds to Arabidopsis NADPH oxidase and SPHK to promote their
activity (Zhang et al., 2009; Guo et al., 2011).

In addition to PLD, signaling PA can be produced by the dia-
cylglycerol (DAG) kinase phosphorylation of DAG, which is often
produced by the activation of phospholipase C (PLC; Figure 1).
Two distinctively different PLC families have been described in
plants, the phosphoinositol 4,5-bisphosphate-hydrolyzing PI-PLC
(Munnik, 2001) and the non-specific PLC (NPC) that hydrolyze
common membrane phospholipids such as PC and PE (Peters
et al., 2010). It should be noted that DAG itself can serve as a lipid
mediator; DAG promotes stomatal opening (Lee and Assmann,
1991; Peters et al., 2010), whereas PA promotes stomatal closure
(Jacob et al., 1999; Zhang et al., 2004; Mishra et al., 2006).

SPHKs IN PLANTS
Sphingosine kinase is a member of the DAG kinase family (Strub
et al., 2010), and phosphorylates long-chain bases (LCBs) to
LCBPs, such as sphingosine-1-phopshate (S1P) and phyto-S1P
(Figure 2A). SPHK activity and function have been well char-
acterized in animals and yeast (Worrall et al., 2003). In mammals,
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two SPHKs and their product S1P have important roles in regula-
tion of many cellular processes including cell growth, suppression
of apoptosis, and pathophysiology of various diseases (Strub et al.,
2010). While sphingosine (d18:1Δ4) is the predominant LCB in
animal cells, it is only detected as a minor LCB in some plants
or absent in other plants, such as Arabidopsis (Lynch et al., 2009;
Michaelson et al., 2009). A recent survey of 21 species from dif-
ferent phylogenetic groups has found that d18:1Δ4 is present in
non-seed land plants and monocots (wheat, barley, maize, and
ryegrass), but it is absent in Arabidopsis and soybean (Islam et al.,
2012). Instead, 4-hydroxy-sphingenine (t18:0, commonly known
as phytosphingosine), 4-hydroxy-8-sphingenine (t18:1Δ8), and 8-
sphingenine (d18:1Δ8) are predominant LCBs in plants (Lynch
et al., 2009). Plant extracts and purified SPHKs phosphorylate
various LCBs to generate LCBPs (Coursol et al., 2005; Guo et al.,
2011).

The Arabidopsis genome contains five genes with sequence sim-
ilarities to mammalian SPHKs. At5g23450 encodes a LCB kinase
AtLCBK1 (Nishiura et al., 2000; Imai and Nishiura, 2005) whereas
At5g51290 is regarded as a ceramide kinase (Liang et al., 2003).
At2g46090 did not have sphingosine-phosphorylating activity
(Worrall et al., 2008). At4g21540 was originally annotated as
one SPHK, and this sequence consists of two repeats that are
most similar to mammalian SPHKs. A cDNA from the sec-
ond repeat was reported to encode an active SPHK, designated
SPHK1 (Worrall et al., 2008). A recent study has established
that the At4g21540 locus is actually comprised of two separate
SPHK genes, SPHK1 and SPHK2. The conclusion is supported
by molecular cloning, sequence analysis, and the distinguishable
patterns of expression of SPHK1 and SPHK2 in Arabidopsis tis-
sues (Guo et al., 2011). The stop codon of SPHK2 is 788 bp
upstream of the start codon of SPHK1. Both SPHK1 and SPHK2
were localized on tonoplasts (Worrall et al., 2008; Guo et al.,
2011). SPHK1, SPHK2, and AtLCBK1 utilize various LCBs as sub-
strates with different preference. Among the substrates tested,
AtLCBK1 prefers d-erythro-dihydrosphingosine to sphingosine
and phytosphingosine, whereas SPHK1 and SPHK2 are most
active on sphingosine. AtLCBK1 cannot phosphorylate D-threo-
dihydrosphingosine (Imai and Nishiura, 2005) but both SPHK1
and 2 can even though SPHK2 has much a lower activity than
SPHK1 (Guo et al., 2011). Because of the low occurrence of sphin-
gosine in plant tissues and the broad substrate specificity of SPHKs,
it was suggested that plant SPHKs should be called LCB kinase
(LCBK) in plants (Lynch et al., 2009). This change will require
renaming some of the genes in the family. SPHK1 and SPHK2 are
used here for consistency with published nomenclature on these
enzymes (Worrall et al., 2008; Guo et al., 2011, 2012).

LCBs AS LIPID MEDIATORS
Like glycerophospholipids, sphingolipids serve not only as a main
component of cell membranes, but also important signaling mol-
ecules (Lynch et al., 2009; Pata et al., 2010). S1P is produced in
animal cells by two SPHKs and is degraded either by S1P lyase or
S1P phosphatases (Figure 2A). S1P regulates a variety of devel-
opmental and disease processes in animals (Strub et al., 2010).
Many lines of evidence indicate that S1P is an intracellular mes-
senger acting directly on intracellular target proteins (Maceyka

et al., 2012). In addition, S1P is exported out of cells to mediate
signaling pathways through five specific G protein-coupled recep-
tors (S1RP1–S1RP5) on the plasma membrane (Maceyka et al.,
2012).

Sphingolipids are emerging as important mediators in plants
and accumulating evidence indicates that sphingolipid metabo-
lites, including LCBs, LCBPs, and ceramides, are involved in var-
ious signaling pathways in plants (Lynch et al., 2009; Pata et al.,
2010). Characterization of Arabidopsis deficient in sphingolipid
metabolism genes facilitates the understanding of signaling and
physiological functions of sphingolipid in plants. The key roles of
sphingolipids in PCD have been extensively investigated (Berkey
et al., 2012). For example, characterization of ceramide kinase
mutant (acd5) shows that ceramide induces plant PCD whereas
phosphorylated ceramide partially attenuates PCD (Liang et al.,
2003). Recent studies suggest that both LCB and LCBP are involved
in PCD (Shi et al., 2007; Alden et al., 2011). Mutation of a LCB1
subunit of serine palmitoyltransferase blocks accumulation of
LCBs in Arabidopsis and indicates that LCBs are involved in initi-
ating PCD through induction of ROS production in Arabidopsis
(Shi et al., 2007; Wang et al., 2008). LCBPs have been shown to
decrease ROS-induced PCD whereas unphosphorylated LCBs pro-
mote ROS-mediated cell death (Shi et al., 2007). LCB-induced
ROS production is also found to depend on NADPH oxidase Res-
piratory Burst Oxidase Homolog D (Peer et al., 2011). Recently, a
study indicates that another subunit of serine palmitoyltransferase,
LCB2a, is required for PCD, and MPK6 mediates downstream
signal in LCB-induced PCD (Saucedo-Garcia et al., 2011). These
results suggest that the balance between unphosphorylated and
phosphorylated form of sphingolipids may function as a rheostat
in regulation of PCD.

SPHK/PHYTO-S1P AND PLD/PA BOTH INVOLVED IN THE ABA
SIGNALING PATHWAY
One of the functions that have been studied for SPHK and
phyto-S1P is their roles in mediating ABA-promoted stomatal clo-
sure. ABA treatments increased SPHK activity in Arabidopsis and
drought stress induced the production of LCBPs in Commelina
communis (Ng et al., 2001; Coursol et al., 2003). Application of S1P
induces stomatal closure and inhibits stomatal opening (Ng et al.,
2001). Knockout of either SPHK1 or SPHK2 decreased the sensi-
tivity to ABA in Arabidopsis, whereas overexpression of SPHK1 or
SPHK2 increased ABA sensitivity (Worrall et al., 2008; Guo et al.,
2011). The involvement of LCBP in the ABA signaling in guard cells
is further supported by analysis of the LCBP phosphatase AtSPP1
mutant spp1 (Figure 2A). AtSPP1 is suggested to be involved in
regulation of LCBP level during ABA response. The spp1 plants
displayed increased sensitivity to ABA in stomatal closure due to a
defect in LCBP degradation in the mutant (Nakagawa et al., 2011).
Thus, LCBP levels regulated by SPHKs and AtSPP1 may play an
important role in the ABA signaling pathway.

Likewise, a number of studies have shown that PLD and PA
play important roles in signaling ABA-mediated stomatal closure
(Jacob et al., 1999; Zhang et al., 2004). PLD and PA promote open
stomata to close and meanwhile prevent the closed stomata from
opening (Jacob et al., 1999; Zhang et al., 2004). In Arabidopsis,
PLDα1-deficient plants displayed insensitivity to ABA, whereas
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FIGURE 3 | Proposed model for crosstalk between PLDα1/PA and

SPHK/phyto-S1P in ABA-mediated stomatal closure signaling

pathway. ABA may be perceived by the receptor (PYR/PYL/RCAR) in the
cytosol, leading to activation of SPHK to produce phyto-S1P which initiates
a cascade to activate PLDα1. PLDα1 hydrolyzes phospholipids to increase
PA level in membrane (plasma membrane and tonoplast). PLDα1-deprived
PA promotes the ABA effect through three targets: (i) PA binds to ABI1 and
tethers ABI1 to the membrane to inhibit its negative effect; (ii) PA
stimulates plasma membrane-localized NADPH oxidase to form secondary
messenger: ROS; (iii) Increased PA in tonoplast interacts with SPHK and
promotes its activity to form a positive loop. PLDα1/PA- and
SPHK/phyto-S1P-mediated signaling pathway activates ion channel activity,
leading to ion flux in guard cell and finally stomatal closure. Note that this
model summarizes the crosstalk between PLDα1/PA and SPHK/phyto-S1P
and their roles in ABA-mediated stomatal closure, not all ABA signaling
components are included in this model. Arrow indicates positive regulation,
bar indicates repression. Red arrow represents reactions which produce
secondary signaling molecules.

overexpression (OE) of PLDα1 resulted in increased sensitivity to
ABA (Sang et al., 2001a). PLDα1 regulates ABA signaling path-
ways through different interactions (Figure 3). PA binds to ABI1
phosphatase 2C, and this interaction inhibits the negative function
of ABI1 in ABA response and mediates ABA-promoted stomatal
closure (Zhang et al., 2004; Mishra et al., 2006). On the other
hand, PLDα1 interacts with Gα to mediate the ABA inhibition of
stomatal opening (Zhao and Wang, 2004; Mishra et al., 2006). In
addition, PLDα1-derived PA binds to and increases NADPH oxi-
dase activity to promote the production of ROS in ABA-mediated
stomatal closure (Figure 1; Zhang et al., 2009).

PA INTERACTION WITH SPHK TO PROMOTE LCBP
PRODUCTION
The findings that both PLD/PA and SPHK/phyto-S1P are involved
in stomatal closure raise an intriguing question of whether the
two lipid signaling processes interact to mediate plant responses to
ABA and stress. A recent study investigated the direct interaction of
PA with two Arabidopsis SPHKs (Guo et al., 2011). PA binds to both
Arabidopsis SPHKs and the interaction stimulates SPHK activ-
ity. The interaction was demonstrated by different approaches,
including lipid-filter binding, liposome binding, surface plasmon
resonance (SPR), and validated using PA-SPHK co-precipitation
from protoplasts (Figure 2B; Guo et al., 2011, 2012). PA has vari-
ous molecular species which differ in acyl chain length and degree
of saturation. PAs with 18:1/18:1, 16:0/18:1, and 16:0/18:2 acyl

chains bind strongly to both SPHKs, whereas 16:0/16:0, 8:0/8:0,
18:0/18:0, and 18:2/18:2 PAs bind poorly to SPHKs (Guo et al.,
2011).

The identification of SPHKs as molecular targets of PA indi-
cates that PA may mediate the ABA activation of SPHK in plants.
Indeed, in response to ABA, the LCBP level is lower in pldα1. In
addition, the application of PA increased the LCBP production in
protoplasts (Guo et al., 2012). These results are consistent with the
hypothesis that SPHK activation by ABA is mediated by PA. On the
other hand, in response to ABA, the PA production in sphk1-1 and
sphk2-1 was significantly lower than WT while overexpression of
SPHK increased PA production, suggesting that PLDα1 activation
depends on SPHK (Guo et al., 2012). Taken together, these results
indicate a co-dependence of PLD/PA and SPHK/phyto-S1P in the
production of PA and phyto-S1P lipid messengers (Figure 3).

SPHK/LCBP ACTING UPSTREAM OF PLD/PA
To delineate the signaling steps of PLDα1 and SPHKs in the ABA
signaling, PA and phyto-S1P were supplemented to the epidermal
peels of PLDα1 or SPHK -deficient plants. PA promoted stomatal
closure in PLDα1-KO or SPHK -KO leaves, whereas phyto-S1P
promoted stomatal closure in SPHK -KO but not in PLDα1-KO
mutant. Furthermore, the addition of 1-butanol, which suppresses
PA production by PLD, attenuated the effect of phyto-S1P-induced
stomatal closure (Guo et al., 2012). These results suggest that
phyto-S1P-mediated stomatal closure requires PLDα1, and that
SPHK/phyto-S1P acts upstream of PLDα1.

These enzymatic, genetic, physiological, and lipid analyses
indicate a positive interplay between the two lipid signaling
processes, SPHK/phyto-S1P and PLD/PA, in plant response to
stresses (Figure 3). ABA is produced under various stresses, such as
drought and high salinity. ABA activates SPHKs to generate phyto-
S1P which promotes the activation of PLDα1, possibly through
increasing the cytoplasmic Ca2+ concentration (Figure 3). PA pro-
duced by activated PLDα1 binds to SPHK and promotes SPHK
activity, forming a positive feedback loop in response to ABA. The
resulting increase in PA regulates downstream proteins includ-
ing ABI1 and NADPH oxidase in ABA-mediated stomatal closure
(Zhang et al., 2004, 2009; Mishra et al., 2006; Figure 3).

The interplay between PLDα1 and SPHK provides insights to
a mechanism by which stress signaling events are communicated
between the plasma and vacuolar membranes (Figure 3). The sub-
cellular localization of membrane-based lipid signaling is expected
to play an important role in regulation of enzyme activation,
generation of lipid messengers, and mediation of downstream
events (Li et al., 2009). It is not well understood how signaling
events between different subcellular compartments are coordi-
nated. In animals, acidic phospholipids including PA have been
shown to stimulate SPHK activity (Olivera et al., 1996). PA has
been implicated in promoting the intracellular translocation of
cytosolic murine SPHK1 to membrane regions that are enriched
in PA (Delon et al., 2004). By comparison, SPHKs in Arabidop-
sis are already associated with tonoplasts, and surface dilution
kinetics analysis indicates that PA stimulates SPHK activity by
promoting the substrate binding to the catalytic site of SPHK
(Guo et al., 2011). At present, the source and level of free LCBs
in the tonoplast are unknown. LCBs are synthesized in the ER
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and the level of free LCBs is very low in Arabidopsis. It might be
possible that LCBs are released from the catabolism of complex
sphingolipids by ceramidase activity. In addition, the level of free
LCBs may increase via de novo biosynthesis in response to stimuli.
For example, infection of Pseudomonas syringae triggered de novo
synthesis of phytosphingosine from sphinganine and phytosphin-
gosine constitutes about 5–8% of total LCBs in Arabidopsis leaves
(Lynch et al., 2009; Maceyka et al., 2012).

PLDα1 is present in both the soluble and membrane fractions
and it translocates from the cytosol to membranes in response to
stress (Ryu and Wang, 1998; Fan et al., 1999). In response to ABA,
SPHK is activated to produce phyto-S1P (possibly along with other
LCBPs) on the vacuolar membrane. Phyto-S1P does not activate
PLDα1 directly in vitro (Guo et al., 2012). It was shown that S1P
caused an increase in Ca2+ in response to ABA (Ng et al.,2001),and
thus phyto-S1P may increase cytoplasmic Ca2+ to promote PLDα1
translocation to the plasma membranes and tonoplasts. Ca2+ is
a key factor required for PLDα1 activity (Qin et al., 1997). Ca2+
promotes PLD translocation and its binding to the C2 domain
increases the protein association with membrane lipids such as
PC. This membrane association activates PLD to generate PA that
binds to SPHK to promote its activity, thus forming a positive
feedback loop.

PERSPECTIVES
The progress in understanding the crosstalk of signaling events
provides a functional arrangement of SPHK/phyto-S1P and
PLD/PA in transducing ABA signals in guard cells. Meanwhile,
the connections between the two lipid signaling processes raise
many questions that warrant further investigations. ABA signal-
ing involves multiple pathways and many regulatory elements. A

core pathway of ABA signaling has been established: ABA binds
to the receptor PYR/PYL/RCARs, leading to inhibition of negative
regulator type 2C protein phosphatases such as ABI1, resulting
in SNF1-related kinase 2 (SnRK2) activation involved in mediat-
ing downstream signaling (Klingler et al., 2010; Umezawa et al.,
2010). How would the SPHK/phyto-S1P- and PLD/PA-mediated
processes interact with the PYR/PYL/RCAR-ABI1-SnRK2 compo-
nents? PA has been shown to bind to and inhibit ABI1 (Zhang et al.,
2004). Would the PYR/PYL/RCAR-ABI1-SnRK2 components be
involved in the activation of SPHK and/or PLD? ABA is a key
stress hormone involved in plant response to various stresses. Is
the crosstalk between PLDα1/PA and SPHK/phyto-S1P involved
in other regulatory pathways in plant response to other stresses?
Both PA and LCBP have been implicated in decreasing ROS-
induced PCD, and different PLDs have been shown to promote
ROS production and response (Zhang et al., 2003, 2009). PLDs are
activated rapidly under various stress conditions. Would the acti-
vation of the plasma membrane-associated PLDs act upstream of
SPHKs under different stresses? In addition, multiple LCB kinases,
including AtLCBK1, SPHK1, and SPHK2, exist in Arabidopsis, and
double and triple mutants deficient in two or more of these kinases
can be made to help determine the role of these enzymes in the
production and function of LCBPs in plant growth, development
and response to stresses. Further study of the signaling events will
lead to a better understanding of how plants adapt to stresses and
changing environments.
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Phosphatidic acid (PA) is a lipid second messenger that is formed transiently in plants
in response to different stress conditions, and plays a role in recruiting protein targets,
ultimately enabling an adequate response. Intriguingly, this increase in PA concentration
in plants is generally followed by an increase in the phospholipid diacylglycerolpyrophos-
phate (DGPP), via turnover of PA. Although DGPP has been shown to induce stress-related
responses in plants, it is unclear to date what its molecular function is and how it exerts its
effect. Here, we describe the physicochemical properties, i.e., effective molecular shape
and charge, of DGPP. We find that unlike PA, which imparts a negative curvature stress
to a (phospho)lipid bilayer, DGPP stabilizes the bilayer phase of phosphatidylethanolamine
(PE), similar to the effect of phosphatidylcholine (PC). DGPP thus has zero curvature. The
pKa2 of the phosphomonoester of DGPP is 7.44 ± 0.02 in a PC bilayer, compared to a
pKa2 of 7.9 for PA. Replacement of half of the PC with PE decreases the pKa2 of DGPP
to 6.71 ± 0.02, similar to the behavior previously described for PA and summarized in the
electrostatic–hydrogen bond switch model. Implications for the potential function of DGPP
in biomembranes are discussed.

Keywords: phosphatidic acid, phospholipid signaling, electrostatic hydrogen bond switch, lipid second messenger,

effective lipid shape, ionization, dgpp, diacylglycerol pyrophosphate

INTRODUCTION
Biological membranes are crucial for the function of all cells in all
living organisms. They act as selective barriers, within, or around
a cell. Biomembrane structure and function is not only critically
influenced by membrane proteins, but also by their diverse lipid
composition. The phase behavior and structure of many mem-
brane lipids has been determined in great detail (e.g., see Gennis,
1989; Marsh, 2012). Despite this wealth of information, much still
needs to be learned in order to fully appreciate the defining proper-
ties of membrane lipids and understand the huge diversity of lipids
found in biological membranes. In particular, lipids that function
as important signaling molecules and often occur in membranes
in minute and rapidly changing concentrations deserve further
attention.

Phosphatidic acid (PA) has emerged as a lipid-signaling mole-
cule in all eukaryotes. In plants, it plays a role in stress signaling.
It is rapidly generated in response to salinity, cold, wounding,
and pathogen attack. Recent data from plants, mammals, and
yeast indicate that the formation of PA functions as a membrane-
localized signal, affecting downstream responses by binding spe-
cific protein targets. These include protein kinases and phos-
phatases, and various proteins involved in vesicular trafficking
(Stace and Ktistakis, 2006; Testerink and Munnik, 2011). More-
over, because of its small polar headgroup, adding negative charge
and curvature to the bilayer, PA formation has profound effects on
membrane architecture, and could reduce the energy barrier for

vesicle fission and fusion, even without interaction with proteins
(Roth, 2008).

Stress induced increases in plants are always transient, and sev-
eral enzymes have been identified that function in attenuation of
the PA signal (Testerink and Munnik, 2011). One of these routes is
phosphorylation of PA to diacylglycerol pyrophosphate (DGPP)
by PA kinase [(PAK), see Figure 5 for structure of DGPP and PA].
This pathway was first discovered in vivo through 32Pi-labeling
studies in the green alga Chlamydomonas, where treatment with
the G-protein activator mastoparan resulted in a dramatic increase
in PA, which was accompanied by an increase in another, unknown
lipid, which later turned out to be DGPP (Munnik et al., 1995,
1996).

Although present in minute amounts under control condi-
tions, DGPP levels are induced upon several biotic and abiotic
cues. DGPP levels increase upon hyperosmotic stress treatment
of Chlamydomonas, the resurrection plant Craterostigma plan-
tagineum, rice leaves and cell suspension cultures of tomato, alfalfa,
and Arabidopsis thaliana (Pical et al., 1999; Munnik et al., 2000;
Darwish et al., 2009). Interestingly, DGPP is also formed upon elic-
itation by both pathogenic and beneficial microorganisms. Treat-
ment of suspension-cultured tomato cells with pathogen effectors
(van der Luit et al., 2000; de Jong et al., 2004) and Nod factor treat-
ment of Vicia sativa seedlings and Medicago cell suspensions (den
Hartog et al., 2001, 2003) all result in DGPP increases. Moreover,
treatment of cells or seeds with the plant stress hormone ABA was
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also shown to induce an increase in DGPP (Katagiri et al., 2005;
Zalejski et al., 2005). Interestingly, downstream ABA responses,
such as plasma membrane anion currents and Rab18 gene expres-
sion, could be induced by treatment of the cells with C18:1 DGPP,
indicating a role for DGPP in ABA signaling (Zalejski et al., 2005,
2006).

The kinetics of formation of PA and DGPP, as well as labeling
techniques, have shown that DGPP is synthesized by phosphory-
lation of PA (Munnik et al., 1996). However, the gene encoding
the PAK activity still has not been identified to date, severely ham-
pering any genetic analysis of the pathway. In turn, DGPP can be
dephosphorylated again to PA by an enzyme called DGPP phos-
phatase (DPP). Four genes encoding DPPs have been identified
in Arabidopsis thaliana, called AtLPP1–4 (Jeannette et al., 2010).
Interestingly, an Atlpp2 insertion mutant exhibits increased levels
of both DGPP and PA during germination (Katagiri et al., 2005).
This suggests that the mutant is disturbed in both DPP and PAP
activity, consistent with AtLPP2’s similar affinity for both sub-
strates (Pierrugues et al., 2001). The lpp2 mutant was shown to be
more sensitive to ABA than wild-type with regard to seed germina-
tion (Katagiri et al., 2005) and ABA-induced guard cell responses
in the leaf (Paradis et al., 2011).

A FUNCTIONAL ROLE OF DGPP IN PLANTS: DEFINING MOLECULAR
PROPERTIES
Fifteen years after its discovery in plants, our understanding of
DGPP formation and degradation in plants is still fragmentary and
its molecular function is still completely unknown. A thorough
in vitro investigation of molecular properties such as ionization
and membrane packing properties is of key importance to under-
stand how DGPP affects both membrane architecture and protein
binding. Recent physicochemical studies of PA have led to the
electrostatic–hydrogen bond switch model, and turned out to be
crucial to explain some of its physiological functions (e.g., binding
of Opi1 to PA). Young et al. elegantly showed how the ionization
properties of PA explain the binding of the transcription repressor
Opi1 and suggested that PA acts as a pH sensor in yeast linking
metabolism and lipid synthesis (Ktistakis, 2010; Young et al., 2010;
Orij et al., 2011; Shin and Loewen, 2011). In analogy to PA, the
physicochemical properties of DGPP are likely crucial for a full
understanding of the physiology of this unusual plant lipid. Aside
from one recent study describing the surface properties of DGPP
in Langmuir monolayers (Villasuso et al., 2010), there is, to the
best of our knowledge, no physicochemical data available for this
lipid.

Here, we describe our initial characterization of the effective
lipid molecular shape and the ionization properties of DGPP in
simple model membrane systems. These data will set a crucial
baseline against which to compare data from more complicated
lipid and buffer compositions. We show that ionization properties
of the phosphomonoester of DGPP mimic those of PA, i.e., follow
the electrostatic–hydrogen bond switch model. These data thus
suggest that DGPP is able to interact with cationic protein domains
and may possess its own unique signaling functions. Contrary to
PA though, DGPP is not a cone shaped lipid, i.e., is not able to
impart a negative curvature stress to the membrane and facilitate
the insertion of hydrophobic protein domains into the membrane.

Thus, DGPP packing properties more closely resemble those of PC,
completely opposite to PA. This finding is likely to have significant
implications for proteins binding to DGPP. Additionally, the pres-
ence of two phosphates could significantly change the presentation
(orientation and position) of the phosphomonoester of DGPP in
the lipid headgroup–acyl chain interface.

RESULTS
DGPP STABILIZES THE BILAYER PHASE
A qualitative description of effective molecular shape for mem-
brane lipids is conveniently achieved by determining their effect
on the bilayer to hexagonal (Lα–HII) phase transition temperature
of dielaidoylphosphatidylethanolamine (DEPE; Rand et al., 1990;
Kooijman et al., 2003). Dielaidoylphosphatidylethanolamine is
chosen for its convenient Lα to HII phase transition temperature
of 65˚C and matching number of acyl chain carbons, and unsatu-
ration. An additional benefit of DEPE over other PE’s is that many
previous studies used this lipid as matrix and can thus be used
to compare our current results (e.g., Rand et al., 1990; Fuller and
Rand, 2001; Szule et al., 2002; Kooijman et al., 2003).

Here we used differential scanning calorimetry (DSC) to deter-
mine the effect of 5 mol% DGPP on the HII phase transition
temperature of DEPE, and compare those data with that of other
well-known membrane lipids. Figure 1A shows representative
DSC scans for the Lα–HII phase transition of DEPE, and DEPE
containing 5 mol% of DOPE, DOPC, DGPP, DOPA, and LPC as
indicated. In order to show the consistency of these results and to
quantify the shift in TH we plotted the TH for each of these con-
ditions in Figure 1B. Shown is the average of three independent
experiments and samples. The error bar denotes the calculated SD.
From these data it is clear that unlike DOPA, DGPP increases the
Lα to HII phase transition temperature of DEPE and the data is
highly reproducible. In the case of the DOPA-DEPE and DGPP-
DEPE mixtures the data shows two peaks (see Figure 1A). This
likely represents a demixing of the mixtures at the Lα–HII phase
transition, resulting in, respectively, a DOPA and DGPP rich and
poor phase. We will comment on this in the discussion. Interest-
ingly, when we compare the effect induced by DGPP with that of
DOPC (also shows a small amount of peak splitting and thus likely
a DOPC poor and rich phase at the transition) we notice that both
are essentially equal. This suggests that DGPP has a cylindrical
shape and will thus stabilize the bilayer phase of DEPE. Consistent
with our previous results for DOPA we again show that DOPA has
essentially the same effect on the phase transition temperature of
DEPE as DOPE (Kooijman et al., 2003). Hence DOPA and DOPE,
under experimental conditions of 150 mM NaCl and at pH 7.2
(pH at 22˚C), have a similar effective molecular shape. We showed
that the same is true for a quantitative measure of effective molecu-
lar shape, i.e., the spontaneous curvature (Kooijman et al., 2005a).
Not surprisingly, LPC strongly stabilizes the bilayer phase of DEPE
again consistent with our previous work (Kooijman et al., 2003).

IONIZATION OF DGPP IN DOPC
Effective lipid molecular shape is sensitive to environmental factors
such as temperature, ionic strength, and pH. In the case of DGPP
with a pyrophosphate headgroup, these parameters will influence
the charge carried by this group. Additionally headgroup charge
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FIGURE 1 | (A) differential scanning calorimetry data for 5 mol% of
indicated phospholipid in DEPE. Bottom curve is DEPE control. Shown is
the third upscan of each experiment. (B) Means of the THII from three

independent experiments. In the case of DOPA, DGPP, and DOPC only the
THII value for the furthest and most prominent peak (up or down from
DEPE) is shown.

and how this charge depends on pH and membrane lipid compo-
sition is of critical importance to understand binding of cationic
protein domains and lipid–lipid interactions. Hence we set out to
determine the negative charge (pKa’s) of the phosphomonoester
of DGPP.

Ionization of small concentrations of anionic lipids in a mul-
tilamellar matrix (multilamellar vesicles, MLVs) of zwitterionic
lipids is most conveniently achieved using solid state (magic angle
spinning, MAS) NMR techniques. Static 31P NMR of MLVs results
in a large chemical shift anisotropy (CSA) and does not allow for
discrimination of the individual chemical shift of the phospho-
lipids making up the phospholipid bilayer (Hauser, 1989; Swairjo
et al., 1994). In the Lα phase the spectra are characterized by a
low field shoulder and high field peak as indicated in Figure 2.
These spectra are representative of large MLVs. The static spec-
tra shown in Figure 2 thus confirm that the lipid dispersions
used in our studies form lipid bilayers. We thus used 31P MAS
NMR to prepare pH titration curves for the phosphomonoester
of DGPP in DOPC alone and in an equimolar mixture of DOPC
and DOPE. Figure 3A shows the 31P NMR spectra for 5 mol%
DGPP in DOPC plotted as a function of pH. The PC peak is
clearly visible as the low field peak near 0 ppm, and the two DGPP
peaks are also clearly visible upfield from PC due to the additional
shielding by the electrons of the pyrophosphate group. The peak
furthest upfield is identified as the phosphodiester peak of DGPP
as it is shielded the most, as expected. It is broadened over the
entire pH range studied. The phosphomonoester peak is iden-
tified as the downfield peak from the phosphodiester peak and
clearly shifts as a function of pH just as we observed previously
for other lipid phosphomonoesters (Kooijman et al., 2005b, 2007,
2008, 2009). The phosphomonoester peak of DGPP is seen to
split into two peaks in the regions of the titration curve where
charge is constant and indicates the spin–spin coupling of the
two phosphate groups in the pyrophosphate (Friebolin, 2011).
In regions where charge changes as a function of pH the peak
is somewhat broadened and the ∼15 Hz splitting is no longer
observable.

ppm
-40-200204060
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-40-200204060
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7.19
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FIGURE 2 | Proton decoupled 31P NMR spectra of (A), 5 mol% DGPP in

DOPC, and (B) 5 mol% DGPP in an equimolar mixture of DOPC and

DOPE. Spectra are plotted against an 85% H3P04 external standard, the
pH of the samples is as indicated.

In order to determine the ionization constants for the phospho-
monoester group we determined the peak positions using Bruker
Topspin software and plotted these as a function of pH to create
the titration curve for DGPP in DOPC shown in Figure 3C (red
circles). When the peak is split in two due to spin–spin coupling
we take the average of the two peak positions as this indicates the
true chemical shift of the phosphate (Friebolin, 2011). The solid
line(s) in Figure 3C are non-linear least squares fits using Eq. 1.
The pKa values for DGPP in DOPC are summarized in Table 1.

Phosphatidylcholine, while a major zwitterionic lipid, is usually
not the only one present and membranes generally contain a sig-
nificant amount of PE. Hence we also determined the ionization
behavior of DGPP in an equimolar mixture of DOPC and DOPE.
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curve). Lines are best non-linear least squares fits to a
Henderson–Hasselbalch type equation.

Table 1 | Ionization constants for 5 mol% DGPP in multilamellar

vesicles of DOPC and DOPC/DOPE; and for 10 mol% PA in

multilamellar vesicles of DOPC.

pKa1 pKa2

DGPP in DOPC 2.82 ± 0.15 7.44 ± 0.02

DGPP in DOPC/DOPE (1:1) 2.61 ± 0.22 6.71 ± 0.02

PA in DOPC2 3.2 ± 0.3 7.92 ± 0.03

2Data taken from Kooijman et al. (2005b).

The 31P NMR spectra as a function of pH are shown in Figure 2B.
For the two low field peaks, the PE peak is found slightly down
field of that for PC (indicating the deshielding of the phosphate in
PE compared to PC). Interestingly, the phosphomonoester peak
splitting is considerably more pronounced in the PE contain-
ing membrane compared to the membrane containing just PC
(compare Figures 3A,B). Again we plot the peak position of the
phosphomonoester peak of DGPP as a function of pH and the
data is shown in Figure 3C (blue circles), and the pKa values are
summarized in Table 1. It should be noted that at high pH the
amine of PE deprotonates resulting in a negatively charged lipid.
This alters membrane electrostatics and might affect the charge of
DGPP. However we do not observe a large effect as the data still
fit a simple Henderson–Hasselbalch behavior (R2 > 0.99). This is
likely due to the fact that at high pH DGPP (phosphomonoester)

is already fully deprotonated and a resulting increase in the nega-
tive electrostatic potential does not additionally affect the charge
of DGPP’s phosphomonoester.

Interestingly the titration curves for DGPP in the DOPC and
the DOPC–DOPE 1:1 model membrane do not overlap. In fact
the degree of ionization of the phosphomonoester of DGPP in the
PE containing membrane is considerably larger compared to the
ionization of DGPP in the PC membrane as indicated by the shift
of the titration curve to lower pH values. This striking difference in
degree of ionization (and thus pKa) is also indicated by the straight
line drawn at pH 7.2. In the case of the PC:DGPP membrane the
line hits the titration curve significantly lower compared to the
PC:PE:DGPP curve. The higher on the curve the higher the total
negative charge, keeping in mind that this position indicates the
percentage of phosphomonoester groups that carry −1 and −2
negative charges (fractional charges being non-physical). These
data are consistent with the electrostatic–hydrogen bond switch
model that we described previously for PA (Kooijman et al., 2007;
Kooijman and Testerink, 2010).

DISCUSSION
Taken together these data present an intriguing picture of the
physicochemical properties of DGPP. On the one hand the effec-
tive molecular shape of DGPP is opposite to that of PA, but on the
other the ionization properties of the phosphomonoester group
of DGPP follows the same behavior previously described for PA.
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Here, we discuss the potential implications of these data for the
function of DGPP in biological membranes.

EFFECTIVE LIPID SHAPE OF DGPP
We compared the effect of a small concentration of DGPP on
the Lα–HII phase transition temperature of DEPE to that of well-
known lipids such as DOPE, DOPA, DOPC, and LPC. The packing
properties of these model phospholipids can be divided in the fol-
lowing three groups: negative curvature (DOPE and DOPA), zero
curvature (DOPC), and positive curvature (LPC). Our data clearly
show that DGPP behaves in a manner consistent with the behavior
of DOPC, and thus indicate that at physiological pH and salt con-
centration DGPP can be considered a membrane stabilizing lipid,
contributing negligible curvature to a membrane.

The zero curvature (cylindrical effective molecular shape) of
DGPP is caused by several factors. The main factor is the increased
steric interaction in the headgroup region caused by a larger
headgroup. This headgroup is not only larger due to the pyrophos-
phate vs. phosphomonoester of PA, but also due to additional
water molecules that hydrate this group. It is unlikely that the
observed bilayer stabilization by DGPP in our experiments is
caused only by an expansion of the bilayer due to charge repul-
sion. Although DGPP carries more negative charge than PA, in
fact highly charged lipids have been found to exhibit favorable
interactions that rather result in a condensing effect. Janmey and
coworkers for example suggest that favorable interactions between
highly charged polyphosphoinositides are potentially mediated by
hydrogen bond interactions (Levental et al., 2008a,b). We recently
showed, albeit indirectly, that PI4,5P2 likely forms domains in a
PC bilayer, using similar 31P NMR titration curves as employed
here for DGPP (Kooijman et al., 2009). Also, Villasuso et al. (2010)
recently showed a condensing effect of DGPP monolayers in the
presence of PA. This latter finding suggests interesting possibilities
to the potential role of DGPP in biological membranes. In con-
clusion it should be noted that despite significant negative charge
PA does form the hexagonal phase with PE, and in fact destabilizes
the PE lipid bilayer. Charge effects certainly play a role in the effec-
tive molecular shape of DGPP but are not, a priori, the dominant
factor.

The cylindrical nature of DGPP is in stark contrast to our pre-
vious data for PA which destabilizes the bilayer under identical
physiological conditions. Our data would thus favor a model for
the function of DGPP which is opposite that of PA. Along the
same line these data indicate that if PA is converted to DGPP
upon plant cell exposure to stress, the resulting DGPP might no
longer favor the binding of PA specific proteins that require the
negative curvature stress induced by PA to effectively bind to the
membrane. Additionally, conversion of PA to DGPP in plant cell
membranes undergoing membrane fission or fusion might result
in an inhibition of membrane fusion (fission).

DEMIXING OF DGPP AND PA AT THE Lα–HII PHASE TRANSITION
We very consistently observed that the phase transition for DEPE
witnessed by DSC indicates some degree of demixing of DEPE and
DGPP (and DOPA). This observation might be explained by the
fact that PE is likely to form hydrogen bonds with the pyrophos-
phate headgroup of DGPP. The effect of PE on the ionization

behavior of the phosphomonoester group of DGPP is a sign of
this hydrogen bonding (discussed below). Alternatively it might
be caused by a combination of non-ideal mixing of the acyl chains
(trans double bonds for DEPE and cis double bonds for DOPA
and DGPP) combined with more favorable interactions (through
hydrogen bonds) between the headgroups. It is likely not caused
by complete phase separation as we took care in preparing the
lipid films at a temperature above the T m for DEPE. Whatever the
reason for this intriguing observation our data demonstrate that
DGPP and DOPA have an opposite effect on the phase transition;
DGPP stabilizes the bilayer and PA destabilizes the bilayer of DEPE.
In future work we plan to follow up on this observation and inves-
tigate whether or not PE or other hydrogen bond donors are able
to phase separate with DGPP from the rest of the membrane in
the physiologically relevant Lα phase. Non-ideal mixing and fluid–
fluid immiscibility was studied for PE–PA mixtures previously and
depending on the acyl chain composition and pH shows complex
behavior (Garidel et al., 2011). Hydrogen bond induced phase
separation of anionic phospholipids has been observed previously
(Redfern and Gericke, 2004; Dasgupta et al., 2009; Kooijman et al.,
2009), and forms another intriguing example by which lipids may
form important signaling platforms in biomembranes.

THE PHOSPHOMONOESTER OF DGPP FOLLOWS THE
ELECTROSTATIC–HYDROGEN BOND SWITCH MODEL
Previously we showed for PA that the ionization behavior of
its phosphomonoester headgroup sets it apart from other, more
abundant, anionic lipids (Kooijman et al., 2005b, 2007). Upon ini-
tial ionization (to 1 negative charge) the remaining hydrogen in the
headgroup is more stably bound by both covalent and electrostatic
interactions (situation sketched in Figure 5 for the phosphomo-
noester of PA and DGPP). When a hydrogen bond is formed with
this phosphomonoester headgroup this bonding will result in a
competition for electrons and the last hydrogen in the headgroup is
facilitated to deprotonate earlier compared to the situation lacking
the hydrogen bond. This peculiar ionization behavior was summa-
rized in the electrostatic–hydrogen bond switch model (Kooijman
et al., 2007) and was instrumental in explaining the recent data for
Opi1 of Loewen and coworkers (Young et al., 2010).

Here we show that like PA, the phosphomonoester headgroup
of DGPP, follows this behavior exactly as might be expected
(Kooijman and Burger, 2009; Kooijman and Testerink, 2010).
Upon addition of PE to the membrane the pKa2 of DGPP’s
phosphomonoester is decreased significantly. This indicates that
protein binding might be pH sensitive as was observed for some PA
binding proteins. However no specific DGPP binding protein has
been identified to date (aside from the observation that Opi1 has
some affinity for DGPP; Young et al., 2010), but it will be impor-
tant to check this possibility in the case genuine DGPP binding
proteins are identified. pH sensitivity might point to significant
cellular functions, and the linking of distinct signaling pathways
as was observed for Opi1 binding to PA.

THE pKa2 FOR DGPP IS LOWER THAN THAT OF PA
We previously determined the pKa2 of 10 mol% DOPA in a DOPC
membrane and found it to be 7.9 (see Table 1). Here find that
5 mol% DGPP has a pKa2 of 7.4, significantly lower than that of
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FIGURE 3 | 31P NMR spectra for 5 mol% dioleoyl diacylglycerol

pyrophosphate (18:1 DGPP) in (A), DOPC, and (B), an equimolar mixture

of DOPC and DOPE as a function of pH. (C), pH titration curves for 5 mol%

DGPP in DOPC (red curve) and 5 mol% DGPP in DOPC–DOPE 1:1 (blue
curve). Lines are best non-linear least squares fits to a
Henderson–Hasselbalch type equation.

Table 1 | Ionization constants for 5 mol% DGPP in multilamellar

vesicles of DOPC and DOPC/DOPE; and for 10 mol% PA in

multilamellar vesicles of DOPC.

pKa1 pKa2

DGPP in DOPC 2.82 ± 0.15 7.44 ± 0.02

DGPP in DOPC/DOPE (1:1) 2.61 ± 0.22 6.71 ± 0.02

PA in DOPC2 3.2 ± 0.3 7.92 ± 0.03

2Data taken from Kooijman et al. (2005b).

The 31P NMR spectra as a function of pH are shown in Figure 2B.
For the two low field peaks, the PE peak is found slightly down
field of that for PC (indicating the deshielding of the phosphate in
PE compared to PC). Interestingly, the phosphomonoester peak
splitting is considerably more pronounced in the PE contain-
ing membrane compared to the membrane containing just PC
(compare Figures 3A,B). Again we plot the peak position of the
phosphomonoester peak of DGPP as a function of pH and the
data is shown in Figure 3C (blue circles), and the pKa values are
summarized in Table 1. It should be noted that at high pH the
amine of PE deprotonates resulting in a negatively charged lipid.
This alters membrane electrostatics and might affect the charge of
DGPP. However we do not observe a large effect as the data still
fit a simple Henderson–Hasselbalch behavior (R2 > 0.99). This is
likely due to the fact that at high pH DGPP (phosphomonoester)

is already fully deprotonated and a resulting increase in the nega-
tive electrostatic potential does not additionally affect the charge
of DGPP’s phosphomonoester.

Interestingly the titration curves for DGPP in the DOPC and
the DOPC–DOPE 1:1 model membrane do not overlap. In fact
the degree of ionization of the phosphomonoester of DGPP in the
PE containing membrane is considerably larger compared to the
ionization of DGPP in the PC membrane as indicated by the shift
of the titration curve to lower pH values. This striking difference in
degree of ionization (and thus pKa) is also indicated by the straight
line drawn at pH 7.2. In the case of the PC:DGPP membrane the
line hits the titration curve significantly lower compared to the
PC:PE:DGPP curve. The higher on the curve the higher the total
negative charge, keeping in mind that this position indicates the
percentage of phosphomonoester groups that carry −1 and −2
negative charges (fractional charges being non-physical). These
data are consistent with the electrostatic–hydrogen bond switch
model that we described previously for PA (Kooijman et al., 2007;
Kooijman and Testerink, 2010).

DISCUSSION
Taken together these data present an intriguing picture of the
physicochemical properties of DGPP. On the one hand the effec-
tive molecular shape of DGPP is opposite to that of PA, but on the
other the ionization properties of the phosphomonoester group
of DGPP follows the same behavior previously described for PA.
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FIGURE 5 | Structure and functional model for DGPP. On the left the
chemical structures of dioleoyl PA (top) and DGPP (bottom) are indicated. PA
kinase activity is responsible for the synthesis of DGPP, but the enzyme
responsible is currently unknown. Conversion of DGPP back to PA is
facilitated by a family of known lipid phosphate phosphatases. On the right

the effective molecular shape of PA and DGPP at physiological pH and salt
(NaCI) concentration is shown. The negative charge of both PA and DGPP is
shown. In similar membrane environments (lipid composition) and under
physiological conditions DGPP carries more negative charge then PA as
indicated by the thicker “charge.”

MATERIALS AND METHODS
MATERIALS
1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC),1-oleoyl-
2-hydroxy-sn-glycero-3-phosphocholine (LPC), 1,2-dioleoyl-sn-
glycero-3-phosphatidyl-ethanolamine (DOPE), 1,2-dioleoyl-sn-
glycero-3-phosphate (sodium salt; DOPA), 1,2-dielaidoyl-sn-
glycero-3-phosphatidylethanolamine (DEPE), and 1,2-dioleoyl-
diacylglycerolpyrophosphate (DGPP) were purchased from Avanti
Polar Lipids (Birmingham, AL, USA). All lipids were dissolved in
chloroform, methanol (2:1 volumetric ratio) and were used as they
were received from Avanti. Lipid purity of our stocks was regularly
checked by HPTLC plates and judged to be better than 99%, as one
single spot on iodine stained plate. Water used in the experiments
was of HPLC grade and purchased from Fisher Scientific. All buffer
components were at least of HPLC grade.

SAMPLE PREPARATION
Differential scanning calorimetry samples were prepared by mix-
ing appropriate amounts of lipid stock. The resulting lipid–solvent
mixtures were then dried under a stream of N2 gas, at a tempera-
ture above the main melting transition for DEPE (T m = 38˚C).
This is important as drying of lipid mixtures may result in
demixing and thus two types of vesicle populations. Keeping
the temperature of the solvent above the T m of the lipids in
the mixture should prevent this. These lipid films (7 μmol of
total lipid) were then placed in a vacuum oven under high vac-
uum for at least 30 min at 45˚C to remove residual traces of
solvent. Lipid films were stored under N2 in a −20˚C freezer
until used, usually within a week. Multilamellar dispersions were
prepared by suspension of the lipid film in 1 mL of 150 mM
NaCl, 1 mM EDTA, 20 mM HEPES at pH 7.2 buffer solution.
The sample was then heated in a water bath at a tempera-
ture above the main melting point (T m) but below the HII

phase transition temperature of DEPE, in this case approxi-
mately 45˚C, for 9 min and then vortexed for 1 min. This was
repeated two more times to make multilamellar vesicles. The
sample and the reference buffer were then degassed before they
were loaded in the calorimeter. Both the lipid stock solutions
and the remainder of the sample used in the calorimeter were
tested for concentration accuracy by phosphate assay (Rouser et al.,
1970).

NMR samples, for pH titration purposes, were prepared by
mixing appropriate amounts of lipid stock to prepare lipid films of
the following lipid composition: A, 95 mol% DOPC, and 5 mol%
DGPP; B, 47.5 mol% DOPC, 47.5 mol% DOPE, and 5 mol%
DGPP. The mixtures were dried to a thin lipid film on the bot-
tom of specially made borosilicate glass tubes (15 mm test tube
size) in the rotary evaporator set-up at 45˚C. Lipid stocks and
films were kept under an inert atmosphere of N2 gas during
sample preparation. Hydrated lipid samples were prepared by sus-
pending the lipid film in a buffer of the appropriate pH. Buffers
used were: 20 mM Citric Acid, 30 mM MES 4 < pH < 6.7, 50 mM
Tris 6.7 < pH < 8.5, 50 mM CHES 8.5 < pH < 10.5, and contained
100 mM NaCl and 2 mM EDTA to complex any traces of divalent
cations. The hydrated lipid suspensions were flash frozen in dry ice
cooled ethanol, and subsequently warmed to room temperature.
The MLV suspension was occasionally vortexed as it thawed. This
procedure assured full dispersion of the lipid film in the buffer.
The pH of the lipid dispersion was measured with a Sentron intelli
probe (RL Instruments, Manchaug, MA, USA) on a standard pH
meter, which is particularly well-suited for samples with high lipid
concentrations. This pH, measured after lipid hydration, was used
to construct the pH titration curves. The lipid dispersions were
concentrated in a tabletop centrifuge (14,900 rpm, 1 h; 20˚C) and
the (wet) lipid pellet was transferred to 4 mm zirconium MAS
NMR sample tubes.
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DIFFERENTIAL SCANNING CALORIMETRY
Differential scanning calorimetry measurements of mixed mul-
tilamellar vesicles were carried out using a Microcal VP-DSC
(Northampton, MA, USA). The scan rate was 0.75˚C/min and the
total lipid concentration was 7 mM. This concentration was cho-
sen in order to be able to clearly identify the change in enthalpy
for the Lα to HII phase transition. The change in enthalpy for the
Lα to HII phase transition is much less energetic than the Lβ–Lα

phase transition, thus requiring a higher concentration. A total of
six heating/cooling cycles (generally 20–80˚C, but 20–100˚C for
the LPC containing sample) were recorded and the third heating
scan (fifth scan overall) was found to be representative.

NMR SPECTROSCOPY
NMR spectroscopy was performed as previously described
(Kooijman et al., 2009). Briefly, MAS 31P experiments were car-
ried out using an observer pulse width of 5.25 μs. Static spectra
to confirm phospholipid organization employed 1H decoupling
(90˚, 22.25 μs, 120 DB). Spectra were recorded using a 1 s delay
time between pulses. Samples were spun at the magic angle (54.7˚)
at 5 kHz to average the CSA, and the chemical shift position of
the lipids was recorded relative to an external 85% H3PO4 stan-
dard. Under stable spinning conditions, typically, 25,000 scans
were recorded. Experiments were carried out at a temperature
of 25.0 ± 1.0˚C. Static spectra, using low power proton decou-
pling (using the spinal-64 pulse program), were recorded in the
same 4 mm CP MAS NMR probe, after the MAS spectra had
been recorded. Typically between 50,000 and 100,000 scans were
recorded.

DETERMINATION OF pKa VALUES
The pKa value’s for the phosphomonoester group of DGPP
were determined using equation (1), which was derived from
the Henderson–Hasselbalch equation using the assumption that
the observed chemical shift values are weighted averages of
the chemical shifts of the fully protonated, singly dissociated
and doubly dissociated states (Appleton et al., 1989). The pKa
values are determined utilizing a non-linear least squares fit
procedure.

δ = δAB + δAA10(pK a1−pH) + δBB10(pH−pK a2)

1 + 10(pK a1−pH) + 10(pH−pK a2)
(1)

δAA, δAB, and δBB are the chemical shifts of the fully proto-
nated, single dissociated and double dissociated state respec-
tively, δ is the measured pH dependent chemical shift and pKa1

and pKa2 are the first and second dissociation constant of the
phosphomonoester.
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N -acylethanolamines (NAEs) are bioactive lipids derived from the hydrolysis of the mem-
brane phospholipid N -acylphosphatidylethanolamine (NAPE). In animal systems this reac-
tion is part of the “endocannabinoid” signaling pathway, which regulates a variety of
physiological processes. The signaling function of NAE is terminated by fatty acid amide
hydrolase (FAAH), which hydrolyzes NAE to ethanolamine and free fatty acid. Our previous
work in Arabidopsis thaliana showed that overexpression of AtFAAH (At5g64440) lowered
endogenous levels of NAEs in seeds, consistent with its role in NAE signal termination.
Reduced NAE levels were accompanied by an accelerated growth phenotype, increased
sensitivity to abscisic acid (ABA), enhanced susceptibility to bacterial pathogens, and early
flowering. Here we investigated the nature of the early flowering phenotype of AtFAAH
overexpression. AtFAAH overexpressors flowered several days earlier than wild type and
AtFAAH knockouts under both non-inductive short day (SD) and inductive long day (LD)
conditions. Microarray analysis revealed that the FLOWERING LOCUST (FT ) gene, which
plays a major role in regulating flowering time, and one target MADS box transcription fac-
tor, SEPATALLA3 (SEP3), were elevated in AtFAAH overexpressors. Furthermore, AtFAAH
overexpressors, with the early flowering phenotype had lower endogenous NAE levels in
leaves compared to wild type prior to flowering. Exogenous application of NAE 12:0, which
was reduced by up to 30% in AtFAAH overexpressors, delayed the onset of flowering in
wild type plants. We conclude that the early flowering phenotype of AtFAAH overexpres-
sors is, in part, explained by elevated FT gene expression resulting from the enhanced
NAE hydrolase activity of AtFAAH, suggesting that NAE metabolism may participate in
floral signaling pathways.

Keywords: Arabidopsis, fatty acid amide hydrolase, flowering, FLOWERING LOCUS T, lipid signaling, N -

acylethanalomanine

INTRODUCTION
N -acylethanolamines (NAEs) are bioactive lipids that function
in the regulation of various physiological processes in animal
systems. This includes the endocannabinoid signaling pathway
that regulates several neurobehavioral and neurophysiological
activities. Fatty acid derivatives that are amide-linked to an
ethanolamine moiety make up the basic molecular structure of
NAE, which differ in their acyl chain length and number of double
bonds (Kim et al., 2010). NAE bioactivity has been shown to be
terminated by the hydrolytic activity of fatty acid amide hydro-
lase (FAAH) where NAE is hydrolyzed into ethanolamine and
its corresponding free fatty acid (McKinney and Cravatt, 2005;
Fowler, 2006). In mammals, the importance of FAAH in regulat-
ing in vivo NAE levels was demonstrated using genetic approaches.
For example, it was shown that FAAH knockout mice possess ele-
vated levels of anandamide (NAE 20:4) compared with wild type
mice. The higher levels of anandamide in FAAH knockout mice
were accompanied by a variety of physiological changes, including
hypomotility, increased analgesia, and significant catalepsy

(Cravatt et al., 2001; Clement et al., 2003; Lichtman et al., 2004;
Kilaru et al., 2010).

Like animals, recent research in plant systems showed that NAEs
impact numerous physiological processes (Kim et al., 2010). In
Arabidopsis thaliana, a homolog of the mammalian FAAH was
identified and characterized (AtFAAH, locus At5g64440), and also
was shown to possess NAE hydrolytic activity in vitro (Shrestha
et al., 2003, 2006). The Arabidopsis FAAH encodes a protein of 607
amino acids with 37% identity to rat FAAH within the amidase sig-
nature (AS) domain (Shrestha et al., 2003). The AS family, consist-
ing of more than 80 amidases, contain a highly conserved region of
approximately 130 amino acids rich in serine, glycine, and alanine
(Chebrou et al., 1996; Patricelli et al., 1999; Labahn et al., 2002;
Gopalakrishna et al., 2004; Neu et al., 2007). Homologs of FAAH
have been identified in multiple plant species and modeling of the
AS region revealed a highly conserved active site (Shrestha et al.,
2006). These studies suggest that similar to mammalian systems,
the molecular machinery for terminating NAE signaling by FAAH
also operates in plants (Blancaflor and Chapman, 2006).
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Several lines of evidence support a role for FAAH in the catab-
olism of NAEs in plants. For instance, exogenous NAE at low
micromolar concentrations produced a dose-dependent reduction
in seedling growth (Blancaflor et al., 2003). Along with the arrested
growth, seedlings displayed altered root cell, and cytoskeletal orga-
nization when treated with NAE (Blancaflor et al., 2003; Motes
et al., 2005). When AtFAAH was over expressed in Arabidop-
sis seedlings, the growth inhibitory effects of exogenous NAE
treatment were much reduced compared to wild type, whereas
SALK T-DNA insertion AtFAAH knockout lines displayed an
increased sensitivity to NAE-induced growth inhibition (Wang
et al., 2006; Teaster et al., 2007; Cotter et al., 2011). The AtFAAH
overexpressors generally displayed enhanced seedling growth and
a tendency to flower earlier than wild type. On the other hand,
AtFAAH knockouts did not show any other strong phenotype
besides their greatly increased sensitivity to exogenous NAE (Wang
et al., 2006). In addition to enhanced growth, AtFAAH overex-
pressors showed an increased sensitivity to the plant hormone,
abscisic acid (ABA), indicating cross talk between NAE and ABA
signaling pathways (Teaster et al., 2007; Cotter et al., 2011). As a
trade-off for enhanced growth, AtFAAH overexpressors exhibited
compromised resistance to a number of plant pathogens, includ-
ing non-host pathogens that do not normally cause disease in
Arabidopsis (Kang et al., 2008).

In this paper, we investigated the early flowering phenotype of
AtFAAH overexpressors. We found that AtFAAH overexpressors
flowered earlier than wild type and AtFAAH knockouts under
both inductive long day (LD) and non-inductive short day (SD)
conditions. Global gene expression profiling of 14-day-old Ara-
bidopsis seedlings and verification by quantitative RT-PCR showed
that FLOWERING LOCUS T (FT ), which regulates flowering by
activating other floral genes (Kardailsky et al., 1999; Corbesier
et al., 2007; Turck et al., 2008; Seo et al., 2011), was elevated in
AtFAAH overexpressors. We also found that the AtFAAH over-
expressors grown under SD conditions for 14 days contained on
average, about 9% less total NAE than wild type, and the levels
of two specific types, NAE 12:0 and NAE 18:2, were reduced by
up to 30% in AtFAAH overexpressors. Treatment of wild type
Arabidopsis plants with exogenous NAE 12:0, delayed flowering.
Taken together, our data suggest that the early flowering phe-
notype of AtFAAH overexpressors is attributed to altered NAE
signaling.

MATERIALS AND METHODS
PLANT MATERIAL AND MEASUREMENT OF FLOWERING TIME
Three independent lines overexpressing AtFAAH (OE2, OE7, and
OE11) and two AtFAAH T-DNA knockouts (SALK_118043 and
SALK_095108) used in this study were described previously (Wang
et al., 2006). For evaluating flowering, seeds were surface-sterilized
with 95% ethanol, 30% bleach containing 0.1% Tween 20 and
deionized water and planted on agar plates and stratified overnight
at 4˚C. Seeds were then moved to 22˚C growth chambers set to
SD (8/16 light/dark) or LD (16/8 light/dark) photoperiod, and
grown for an additional 10 days. Individual seedlings were then
transplanted to pots containing Metro mix and returned to their
respective growth chamber. Plants were monitored daily after
transfer to the growth chamber and the number of plants that

flowered was recorded. The number of rosette leaves was recorded
on particular days as indicated.

GENE CHIP MICROARRAY EXPERIMENTS AND DATA ANALYSIS
For microarrays, total RNA was extracted from rosette leaves
of 14-day-old AtFAAH overexpressors and the AtFAAH T-DNA
insertional mutant SALK_095108, and processed as described pre-
viously (Teaster et al., 2007). Seeds of all three genotypes were
planted on MS media and seedlings grown for 14 days in 14/10 h
light/dark cycle prior to RNA isolation. The microarray experi-
ments were conducted with RNA isolated from three biological
replicates using ATH1 Genome Arrays (Affymetrix).

For data analysis, the CEL file for each sample was exported
from the Expression Console (Affymetrix) and normalized using
robust multi-array average (RMA) as described by Irizarry et al.
(2003). The presence/absence call for each probe set was obtained
from dCHIP (Li and Wong, 2001). Differentially expressed genes
in the AtFAAH overexpressor and SALK_095108 knockout in
comparison with wild type control were selected using associa-
tive analysis (Dozmorov and Centola, 2003). Type I family wise
error rate was reduced using a Bonferroni-corrected P-value of
2.19202E-06 representing a threshold of 0.05/N, where N repre-
sents number of probe sets present on the chip, which is 22810
for the Arabidopsis chip (Abdi, 2007). Microarray data was sub-
mitted to the European Molecular Biology Laboratory’s Euro-
pean Bioinformatics Institute (EMBL–EBI) ArrayExpress database
under accession E-MEXP-3486.

REAL TIME QUANTITATIVE RT-PCR
Total RNA was isolated using an RNeasy Mini Kit (Qia-
gen) and reverse transcribed to first-strand cDNA with the
Qiagen cDNA Synthesis Kit (Qiagen). First-strand cDNA was
used as a template for quantitative PCR using gene-specific
primers. Arabidopsis 18s rRNA, which served as a con-
trol for constitutive gene expression in plants, was ampli-
fied with primers (F) 5′-TCCTAGTAAGCGCGAGTCATCA-3′
(R) 5′-CGAACACTTCACCGGATCAT-3′ (Dean Rider et al.,
2003). Gene-specific primers used were FT (At1g65480) (F)
5′-GGAGACGTTCTTGATCCGTTTAATAGATCAAT-3′ (R) 5′-
ATAAACACGACACGATGAATTCCTGCAGT-3′; SEP3
(At1g24260) (F) 5′-GTGCCTTCAAGAGAGGCCTTAGCAGTT-
3′ (R) 5′-TCTGAAGATCGTTGAGCTGGTCAAGCAT-3′. Relative
expression levels using the formula for threshold cycle were cal-
culated by the (2−ΔΔCt) method (Livak and Schmittgen, 2001).
Means of four biological replicates with three technical replicates
and SE were reported.

NAE QUANTIFICATION
N -acylethanolamines were extracted from 100 to 250 mg of plant
tissue and ground by bead beater in warm 2-propanol. The
extract was combined with deuterated NAE standards (D4-NAE
16:0, Cayman Chemical Co.; 1 ppm each) and total lipids were
extracted into chloroform. The organic phase was collected for
further purification by solid phase extraction (SPE). Silica SPE
cartridges (100 mg, 1.5 mL; Grace Davison Discovery Sciences)
were conditioned with 2 mL methanol followed by 4 mL chloro-
form. Samples were applied to the column, washed with 2 mL
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chloroform, and NAEs were eluted with 2 mL of 1:1 (v/v) ethyl
acetate:acetone. The eluate was collected, evaporated under nitro-
gen, and derivatized with 50 μL BSTFA (Fisher Scientific, Houston,
TX, USA) for 30 min at 55˚C. After derivatization, the samples
were again evaporated under nitrogen and reconstituted in 50 μL
hexane. NAEs were identified via selective ion monitoring and
quantified against the internal deuterated standards (deuterated
NAE 16:0) as TMS-ether derivatives by gas chromatography/mass
spectrometry (Agilent model 6890 GC coupled with a 5973 mass
selective detector) as described previously (Venables et al., 2005).
NAE concentration was calculated based on fresh weight.

EVALUATING EXOGENOUS NAE 12:0 EFFECTS ON FLOWERING
Arabidopsis wild type seeds were germinated in soil and were main-
tained in a growth chamber at 22˚C with 16/8 h light/dark cycle
(60 μE m−2 s−1). Seven day-old seedlings (n = 15) were watered
with 50 mL of 35 μM NAE 12:0 or 0.05% DMSO solution alone
(solvent control) every 3 days until the plants were ready for dry-
ing. Time of flowering was recorded and inflorescence height was
measured every 4 days. The number of rosette leaves was counted
every 4 days from the time of germination until 24 days. The data
presented are an average of three experiments with significance
tested by Student’s t -test.

RESULTS
OVEREXPRESSION OF ATFAAH INDUCES EARLY FLOWERING UNDER
NON-INDUCTIVE SHORT DAYS AND INDUCTIVE LONG DAYS
We evaluated the flowering time of three independent AtFAAH
overexpressing lines described in Wang et al. (2006). We found that
when grown under non-inductive SD conditions, AtFAAH over-
expressors flowered earlier than wild type (Col-0) and AtFAAH
knockouts (Figure 1A). Quantification of the timing of flowering
revealed that more than 50% of all AtFAAH overexpressing
lines flowered 28 days after planting with one line (AtFAA-
HOE11) showing more than 70% flowering. In contrast, less

than 20% of wild type and AtFAAH knockouts flowered at day
28 (Figure 1B). These results were typical of three independent
experiments with individual AtFAAH overexpressors flowering
on average up to 10 days earlier than wild type and AtFAAH
knockouts. Even under inductive LD conditions AtFAAH over-
expressor flowered earlier than wild type or AtFAAH knockouts.
At 16 days, more than 60% of all three AtFAAH overexpressors
had already flowered whereas wild type and AtFAAH knockouts
did not. At day 18, only 10% of wild type and AtFAAH knock-
outs flowered while 70–100% of AtFAAH overexpressors flowered
(Figure 1B).

We measured the number of rosette leaves and rosette diameter
of SD-grown plants, on day 21 and day 28 after planting, to deter-
mine if a more rapid growth was responsible for the early flowering
phenotype of the AtFAAH overexpressors. The total number of
rosette leaves and rosette diameter did not differ significantly
for wild type and AtFAAH overexpressors (Figures 2A,B). After
28 days of SD growth, >50% of AtFAAH overexpressors had flow-
ered and had 9–10 rosette leaves. Under LD-growth conditions, all
plants, regardless of genotype, had flowered, and had seven to nine
rosette leaves. Accelerated growth under LDs is expected because
of greater photosynthesis, but the similar number of leaves on
AtFAAH overexpressors and LD-grown plants indicates that the
plants flowered at nearly the same plastochron age (i.e., morpho-
logical age rather than chronological age) (Erickson and Michelini,
1957).

TRANSCRIPTIONAL PROFILING LINKS ELEVATED FLOWERING LOCUS
(FT) EXPRESSION TO EARLY FLOWERING OF ATFAAH
OVEREXPRESSORS
To better understand the molecular basis for the early flowering
phenotype of AtFAAH overexpressors, microarray analysis was
conducted to compare transcript profiles of wild type with
that of the AtFAAH overexpressors and AtFAAH knockouts

FIGURE 1 | Overexpression of AtFAAH induces early flowering of

Arabidopsis under short and long days. (A) Representative images
of 30-day-old wild type, SALK_095108 AtFAAH knockout and two
AtFAAH overexpressors (OE2 and OE7) grown during short day
conditions, 8/16 h (light/dark). Note that the two AtFAAH

overexpressors have already flowered (arrows). The percent of wild
type, AtFAAH knockout and AtFAAH overexpressors that had flowered
by day 28 under non-inductive SDs (B) and by day 16 and day 18 under
inductive LDs (C). The graph is representative of three experiments
with n > 10.
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FIGURE 2 |The number of rosette leaves and rosette diameter is not

affected by altered AtFAAH expression. Number of rosette leaves (A) and
rosette diameter (B) of wild type and three AtFAAH overexpressors under
SDs after 21 days, when no plants were flowering, and after 28 days, when

some wild type and most AtFAAH overexpressors were flowering. (C)

Number of rosette leaves under longs days 28 days after planting in wild type,
two AtFAAH knockouts (SALK_118043 and SALK_095108) and three AtFAAH
overexpressors (OE2, 7, and 11); all plants were flowering.

(SALK_095108). Consistent with the fact that AtFAAH knockouts
did not have any obvious phenotype (Wang et al., 2006; Figures 1
and 2), a less dramatic difference in the overall gene expression
profiles were observed between wild type and AtFAAH knockouts
as indicated by a heat map generated from ratios of transcript
levels from AtFAAH knockouts (SALK_095108) and wild type
(Figure 3A). In contrast, there were more distinct differences
in the overall transcript profiles when wild type was compared
to AtFAAH overexpressors (AtFAAHOE11; Figure 3A). With a
Bonferroni-corrected P-value threshold of 2.19202E-06, we found
157 genes to be differentially regulated by twofold or more in
AtFAAH overexpressors compared with wild type. Out of 157
genes, 50 were upregulated and 107 were downregulated in the
AtFAAH overexpressor line (Table S1 in Supplementary Mate-
rial). Only 28 genes were differentially expressed by twofold or
more between AtFAAH knockouts and wild type, of which 7
were upregulated and 21 were downregulated (Table S1 in Sup-
plementary Material). As expected, the AtFAAH gene itself was
downregulated in AtFAAH knockouts and upregulated in AtFAAH
overexpressors, which helped to validate our microarray results.
Seven genes were downregulated and one gene was upregulated
by twofold or more in both AtFAAH overexpressors and knock-
outs (Figure 3B). The seven genes downregulated by twofold or
more in both AtFAAH overexpressors and knockouts are presented
in Table S2 in Supplementary Material. Among the seven genes
downregulated in both AtFAAH overexpressors and knockouts,
only circadian clock associated (CCA1) has been clearly implicated
in flowering. CCA1 is a transcription factor involved in plant circa-
dian rhythms and overexpressing CCA1 causes delayed flowering
in Arabidopsis (Wang and Tobin, 1998). The downregulation of
CCA1 in AtFAAH overexpressors could disrupt circadian rhythms
important for flowering; however, its downregulation in AtFAAH

knockouts where no flowering phenotype was apparent is not
clear.

Transcriptional profiling did not show an overwhelming rep-
resentation of flowering-related genes that were different between
wild type and AtFAAH overexpressors. However, it was notewor-
thy that FLOWERING LOCUS T (FT ), which is a pivotal gene
in the transition from vegetative growth to flowering (Corbe-
sier et al., 2007; Giakountis and Coupland, 2008), was ele-
vated in AtFAAH overexpressors. Furthermore, the expression of
SEPTELLA3 (SEP3) gene, which encodes a MADs box transcrip-
tion factor that is regulated by FT in the photoperiodic flowering
pathway (Teper-Bamnolker and Samach, 2005), also was elevated
in AtFAAH overexpressors (Table 1; Table S1 in Supplementary
Material). To verify results from microarray experiments, we con-
ducted quantitative, real time RT-PCR of FT and SEP3 transcripts
using three independent AtFAAH overexpressing lines grown for
14 days in LD and SD conditions. Consistent with the microarray
results, both LD- and SD-grown AtFAAH overexpressing seedlings
showed elevated transcript levels of FT and SEP3. Under SD
conditions, FT and SEP3 in three AtFAAH overexpressors were
threefold higher relative to wild type (Figure 4A). A similar trend
was observed under LD conditions except for one AtFAAH over-
expressor (line OE7), which was only twofold elevated relative to
wild type (Figure 4B).

FT and SEP3 were the only upregulated genes in AtFAAH over-
expressors that had a known association with flowering (Table 1).
To determine whether other genes differentially regulated by
AtFAAH overexpression are related to flowering, we compared
AtFAAH overexpression transcript data (Table S1 in Supplemen-
tary Material) with data from global expression analysis of the
shoot apical meristem upon photoperiodic induction (i.e., trans-
fer to LDs; Schmid et al., 2003). This study uncovered a large
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FIGURE 3 | AtFAAH overexpression triggers a more dramatic change in

gene expression than AtFAAH knockouts. (A) Heat map of gene
expression in wild type, AtFAAH knockout (SALK_095108) and AtFAAH

overexpressor (OE11). (B) Venn diagrams showing the number of genes
differentially regulated in AtFAAH knockouts and AtFAAH overexpressors
relative to wild type.

number of floral repressors that were downregulated upon flo-
ral photoperiodic induction. Interestingly, four genes namely
At3g16460, At3g27200, At5g43270, and At3g20370, which were
downregulated in AtFAAH overexpressors (Table S1 in Supple-
mentary Material), were downregulated upon floral induction by
photoperiod and therefore suggested to be potential flowering
repressors (Schmid et al., 2003). One gene, namely At3g28500,
was upregulated in AtFAAH overexpressors (Table 1) and by

photoperiodic flower induction (Schmid et al., 2003). Inter-
estingly in silico analysis using the Genevestigator database1,2

(Zimmermann et al., 2004) and the Arabidopsis eFP Browser3

(Winter et al., 2007), indicated that At3g28500, which encodes

1http://www.plantphysiol.org/content/155/3/1237.full – ref-44
2https://www.genevestigator.ethz.ch/
3http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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Table 1 | Genes induced twofold or more in AtFAAH overexpressors compared to wild type.

Locus ID Predicted function Ratio AtFAAH OE/WT

At3g28320 Protein of unknown function 17.18

At3g28310 Protein of unknown function 7.46

At1g20490 AMP-dependent synthetase and ligase family protein 6.12

At5g44420 Encodes an ethylene- and jasmonate-responsive plant defensin 4.50

At5g66970 P-loop containing nucleoside triphosphate hydrolases superfamily protein 4.14

At1g02300 Cysteine proteinases superfamily protein 4.03

At1g26380 FAD-binding Berberine family protein 3.74

At2g45220 Plant invertase/pectin methylesterase inhibitor superfamily 3.58

At1g13470 Protein of unknown function 3.53

At4g37990 Encodes an aromatic alcohol: NADP+ oxidoreductase 3.51

At5g64510 Unknown protein 3.49

At1g61800 Glucose-6-phosphate/phosphate transporter 2 3.49

At3g47090 Leucine-rich repeat protein kinase family protein 3.47

At1g15520 ABC transporter family involved in ABA transport and resistance to lead 3.30

At1g73260 Encodes a trypsin inhibitor involved in modulating programmed cell death in plant–pathogen interactions 3.20

At3g22600 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 3.17

At1g26530 PIN domain-like family protein 3.11

At1g23850 Unknown protein 3.03

At1g09420 Encodes a protein similar to glucose-6-phosphate dehydrogenase 3.03

At5g64050 Glutamate-tRNA ligase. Targeted to mitochondria and chloroplast 3.02

At5g55570 Unknown protein 2.82

At5g45840 Leucine-rich repeat protein kinase family protein 2.82

At1g12080 Vacuolar calcium-binding protein-related 2.79

At1g23120 Polyketide cyclase/dehydrase and lipid transport superfamily protein 2.77

At1g08430 Encodes a Al-activated malate efflux transporter 2.76

At5g45040 Cytochrome c; functions in: electron carrier activity, iron ion binding, heme binding 2.75

At5g58575 Sgf11, transcriptional regulation 2.71

At5g45280 Pectin acetylesterase family protein; functions in: carboxylesterase activity 2.65

At4g11650 Osmotin-like protein 2.48

At1g10920 Encodes LOV1, a disease susceptibility gene 2.44

At1g71990 Lewis-type alpha 1,4-fucosyltransferase 2.42

At1g22550 Major facilitator superfamily protein 2.41

At1g17860 Kunitz family trypsin and protease inhibitor protein 2.40

At5g64440 AtFAAH (fatty acid amide hydrolase) modulates endogenous NAEs (N -acylethanolamines) levels in plants 2.40

At1g22440 Zinc-binding alcohol dehydrogenase family protein 2.38

At1g24260 Member of the MADs box transcription factor family. SEP3 is redundant with SEP1 and 2 2.33

At1g11080 Serine carboxypeptidase-like 31 (scpl31) 2.31

At3g60980 Tetratricopeptide repeat (TPR)-like superfamily protein 2.30

At3g46900 encodes a member of copper transporter family 2.29

At5g58120 Disease resistance protein (TIR–NBS–LRR class) family 2.28

At4g15210 cytosolic beta-amylase expressed in rosette leaves and inducible by sugar 2.26

At5g43580 Predicted to encode a PR (pathogenesis-related) peptide that belongs to the PR-6 proteinase inhibitor family 2.25

At1g01670 RING/U-box superfamily protein; functions in: ubiquitin-protein ligase activity 2.25

At5g01180 Encodes a dipeptide transporter expressed in pollen and ovules during early seed development 2.22

At2g24960 Unknown protein 2.19

At5g58310 Encodes a protein shown to have methyl IAA esterase activity in vitro 2.18

At5g45310 Unknown protein 2.18

At3g48920 Member of the R2R3 factor gene family 2.12

At3g28500 60S acidic ribosomal protein family 2.11

At3g43430 RING/U-box superfamily protein 2.09

At1g72030 Acyl-CoA N -acyltransferases (NAT) superfamily protein 2.08

At5g64640 Plant invertase/pectin methylesterase inhibitor superfamily 2.06

At1g65480 FT, together with LFY, promotes flowering 2.02
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FIGURE 4 | Relative expression profiles of FT, SEP3, and AtFAAH in

three AtFAAH overexpressors and two AtFAAH knockouts

(SALK_118043 and SALK_095108) determined by quantitative RT-PCR.

Fourteen day-old plants grown under short days (A) and long days (B).
Values plotted were normalized to 18S rRNA and are the mean of four
biological replicates ± SE.

a 60S acidic ribosomal protein, was preferentially expressed in
all stages of flower development as well as the inflorescence
shoot apex (Figure A1 in Appendix). Hence there may be
additional clues yet to mine related to the molecular regula-
tion of floral transition in the microarray data from AtFAAH
overexpressors.

FIGURE 5 | Comparison of endogenous NAE profiles in 14-day-old wild

type and AtFAAH overexpressors. NAEs were quantified by
isotope-dilution mass spectrometry and summed for total NAE content (A)

and total NAE 12:0 and NAE 18:2 (B). Values represent the mean ± SE of
three individual extractions from 14-day-old seedlings grown under short
days. Mean ± SE with different letters are significantly different (p < 0.005;
Tukey’s test).

ENDOGENOUS NAE LEVELS ARE LOWER IN AtFAAH OVEREXPRESSORS
To determine if increased NAE hydrolytic activity could explain the
early flowering phenotype in AtFAAH overexpressors, we quan-
tified endogenous NAE levels of 14-day-old wild type and three
AtFAAH overexpressor lines grown under SDs. Consistent with
the overexpression of FAAH, total endogenous NAE content in
the three AtFAAH overexpressors was less than that of wild type
(Figure 5A). We then examined the levels of the different NAE
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Table 2 | N -acylethanolamines profiles of 14-day-old Arabidopsis seedlings grown under short days.

Background (ng/g fr. weight) Wild type AtFAAHOE2 AtFAAHOE7 AtFAAHOE11

NAE 12:0 56.1 ± 6.6 35.4 ± 3.7 38.7 ± 6.6 42.8 ± 6.7

NAE 14:0 18.6 ± 4.6 22.5 ± 3.9 22.8 ± 4.0 18.3 ± 3.8

NAE 16:0 20.3 ± 6.7 18.6 ± 4.0 21.6 ± 4.8 19.1 ± 4.0

NAE 18:0 20.2 ± 3.7 25.0 ± 5.5 23.1 ± 4.9 24.1 ± 5.5

NAE 18:1 19.0 ± 1.8 26.3 ± 3.6 24.2 ± 3.7 23.8 ± 5.8

NAE 18:2 32.5 ± 4.0 25.3 ± 6.9 22.0 ± 5.1 22.8 ± 5.2

NAE 18:3 15.8 ± 2.3 13.8 ± 2.3 13.3 ± 2.6 12.6 ± 1.8

Values are means ± SE of three biological replicates.

species to determine which NAE type contributed most to the
decline in total NAE levels in AtFAAH overexpressors. We found
that the levels of NAE 14:0, NAE 16:0, NAE 18:0, NAE 18:1, and
NAE 18:3 were similar between wild type and the three AtFAAH
overexpressors (Table 2). On the other hand, endogenous NAE
12:0 and NAE 18:2 were significantly less (up to a 30% reduc-
tion) in AtFAAH overexpressors compared to wild type (Table 2;
Figure 5B), suggesting that these two NAE types may play a role
as lipid mediators in the regulation of flowering time.

EXOGENOUS NAE 12:0 DELAYS THE ONSET OF FLOWERING IN WILD
TYPE ARABIDOPSIS PLANTS
Given that NAE 12:0 is about 30% reduced in AtFAAH overexpres-
sors, we asked if exogenous application of NAE 12:0 delays flower-
ing time in wild type Arabidopsis plants. Seven days after planting
directly onto soil, 50 mL of 35 μM NAE 12:0 was applied directly
to the base of the plants every 3 days until senescence. We found
that at 24 days, rosette leaf number in NAE 12:0-treated wild type
plants were slightly less than solvent controls (Figure 6A). NAE-
treated plants showed a delay in flowering by at least 6 days and this
occurred whether the treatment began at day 7 or on day 20 (few
days prior to flowering under these conditions). We also quantified
inflorescence stem height when NAE 12:0 was applied beginning
at 7 days or beginning at 20 days. We found that plants treated
with exogenous NAE 12:0 regardless of the age of the plant, had
shorter inflorescence stems compared to plants treated with the
solvent control solution (Figures 6B,C). Hence, it appeared that
application of NAE to plants, either early or late, had two general
effects – one, a reduction in growth and two, a delay in flowering.
The similar impact on both flowering and inflorescence elongation
between early (7 day) and late (20 day) treatments suggests that
these impacts perhaps result from a signal transduction-mediated
transition event and not simply a delay in development.

We also treated 7-day-old seedlings with 50 μM NAE 12:0 and
examined the expression of FT and SEP3 by quantitative, real
time RT-PCR. Consistent with the delayed flowering time of NAE
12:0-treated plants and elevated expression of FT in AtFAAH
overexpressors, we found that exogenous NAE 12:0 reduced FT
expression by about threefold. SEP3 expression on the other hand
was reduced by only 1.3-fold (Figure A2 in Appendix).

DISCUSSION
Although early flowering in AtFAAH overexpressors was noted
previously (Wang et al., 2006), it was unclear how the development

of this phenotype is triggered. In this paper, we showed that early
flowering of AtFAAH overexpressors was associated with increased
expression of the key flowering integrator gene FT, under both
inductive LD and non-inductive SDs. These results are not entirely
surprising, given that FT is well established to be a potent promoter
of the transition to flowering by coordinating the expression of
a complex network of genes within the shoot apex (for review
see Giakountis and Coupland, 2008). Some of the genes in the
FT pathway act as repressors of FT transcription during non-
inductive SDs (Gómez-Mena et al., 2001; Piñeiro et al., 2003;
Takada and Goto, 2003) or are transcriptionally activated by FT
during inductive LDs (Ruiz-Garcia et al., 1997; Teper-Bamnolker
and Samach, 2005). However, despite the elevated expression of
FT, many of the genes that have been associated with FT function
did not change dramatically in AtFAAH overexpressors (Table S1
in Supplementary Material). Only the floral organ identity gene,
SEP3, was elevated in AtFAAH overexpressors by twofold or more,
which is consistent with a previous report showing that FT reg-
ulates SEP3 accumulation (Teper-Bamnolker and Samach, 2005).
These observations suggest that FT might have other downstream
target genes that promote flowering or unknown repressors that
regulate FT transcription in the AtFAAH overexpression back-
ground. One possible target of FT is the 60S acidic ribosomal
protein encoded by the At3g28500 gene, which was upregulated
twofold in our microarrays (Table 1) and also reported to be
induced in LDs in an FT-dependent manner (Schmid et al., 2003).
Moreover, the At3g28500 gene was upregulated fourfold when
HEME ACTIVATOR PROTEIN 3b (HAP3b), which encodes a
CCAAT-binding transcription factor, is overexpressed and down-
regulated more than twofold in hap3b mutants. HAP3b overex-
pressors display early flowering whereas hap3b mutants are late
flowering under LDs (Cai et al., 2007) suggesting that At3g28500
is an important component of flowering under LDs. Although the
significance of overexpressing a 60S acidic ribosomal protein gene
for promoting flowering is unknown, it is tempting to speculate
that the translation of select mRNA in the cell particularly those
involved in flowering might be affected, and thus partly explain
early flowering in AtFAAH overexpressors.

It should be noted that the early flowering phenotype exhibited
by AtFAAH overexpressors is not typical of other early flowering
plants in Arabidopsis. For example, early flowering in FT over-
expressors under SDs is typically accompanied by smaller rosette
leaves and a reduced number of rosette leaves (Kardailsky et al.,
1999; Kobayashi et al., 1999; Abe et al., 2005). A reduced number
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FIGURE 6 | Exogenous NAE 12:0 application delays flowering time in wild

type plants. (A) Number of leaves of in 24-day-old plants treated with solvent
control solution of 35 μM NAE 12:0 at 7 or 20 days after planting. (B)

Representative images of wild type Arabidopsis plants exposed continuously
to NAE 12:0 beginning at 7 or 20 days after planting. Note the shorter

inflorescence stems of NAE 12:0-treated plants. (C) Quantification of the
length of the inflorescence stem after the initiation of flowering. Note that
flowering in NAE 12:0-treated plants was delayed by about 6 days regardless of
whether the plant was treated at 7 or 20 days after planting. Asterisks indicate
statistically significant difference according to Student’s t -test (p < 0.01).

of rosette leaves is also a characteristic found in several flowering
mutants that enhance the expression of FT (Piñeiro et al., 2003;
Yoo et al., 2005; Cai et al., 2007; Seo et al., 2011), and reflects
the shorter period of vegetative growth. The number of leaves of
AtFAAH overexpressors and wild type at 21 and 28 days, under
SD conditions, were the same, indicating that vegetative devel-
opment was not accelerated. However, by 28 days most AtFAAH
overexpressors had transitioned to flowering with 9–10 rosette
leaves, while most wild type plants were vegetative and still pro-
ducing leaves. AtFAAH overexpressors therefore behaved more like

plants grown under LD conditions, which, irrespective of geno-
type, produced seven to nine leaves before flowering (Figure 2).
These data indicate that the early flowering in AtFAAH overex-
pressors is independent of the rate of rosette leaf production and
is not a product of enhanced growth, but results from uncou-
pling flowering from photoperiod, presumably via FT activation.
In addition to FT, overexpression of other genes in the flowering
pathway uncouple flowering from photoperiod including CON-
STANS (CO), a transcription factor that activates FT (Takada and
Goto, 2003), and the downstream meristem identity genes LEAFY
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(LFY ; Schultz and Haughn, 1991) and APETALA1 (AP1; Mandel
et al., 1992). If AtFAAH overexpression bypasses photoperiodic
induction by elevating FT directly, elevated LFY, and AP1 would
be expected. However, these genes did not change significantly in
microarray studies of AtFAAH overexpressors.

Recent work in tomato (Shalit et al., 2009) and maize
(Danilevskaya et al., 2010), define FT and its orthologs as general
determinacy factors that function to limit vegetative growth – with
smaller leaves and the transition to reproductive growth being
only two manifestations of the broader impacts. However, the
reduced leaf size that commonly accompanies FT overexpression
was not observed in AtFAAH overexpressors. It is possible that
elevated AtFAAH, which previously was shown to enhanced veg-
etative growth in Arabidopsis (Wang et al., 2006), can overcome
the negative effects of FT overexpression on leaf development by
reducing endogenous levels of NAE (Figure 5). Consistent with
this notion is the finding that exogenous application of NAE 12:0
to wild type plants,which was more than 30% less in AtFAAH over-
expressors than wild type, delayed flowering in wild type plants
(Figure 6).

A global expression study of Arabidopsis shoot apices uncovered
a large number of potential floral repressors that were downreg-
ulated upon photoperiodic induction compared to upregulated
genes (Schmid et al., 2003). A similar trend was observed in
AtFAAH overexpressors in that there were more genes downregu-
lated than upregulated (Figure 3; Table 1). Interestingly, four of the
potential floral repressors identified by Schmid et al. (2003) were
also downregulated in AtFAAH overexpressors including genes
encoding mannose-binding lectin superfamily protein (At3g16460),
cupredoxin superfamily protein (At3g27200), squamosa-promoter
binding protein-like (SPL; At5g43270), and TRAF-like family pro-
tein (At3g20370). Although members of the SPL gene family are
known to regulate floral transition through microRNAs (miR-
NAs) and FT activation (Wang et al., 2009), the significance of the
downregulation of the aforementioned four genes for the early
flowering phenotype of AtFAAH overexpressors is not clear. Acti-
vation of FT expression also is well known to be regulated by the
B-box zinc finger transcription factor CO, particularly under LD
conditions (An et al., 2004; Ayre and Turgeon, 2004). Expression of
CO was not significantly changed in AtFAAH overexpressors but a
gene homologous to CO (At3g02380) was twofold downregulated
(Table S1 in Supplementary Material). Because it is the timing of
CO expression and CO protein stability that is crucial for pho-
toperiodic flower induction (Imaizumi, 2010), we cannot rule out
the possibility that microarray analysis of AtFAAH overexpressors
was not able to detect significant changes in CO expression given
that RNA from only one time point was collected. Alternatively,
there are reports that induction of FT expression and flowering
could be facilitated by CO-independent pathways. For example,
the miRNA172 pathway was shown to induce FT expression and
flowering in Arabidopsis despite the absence of functional CO
(Jung et al., 2007). The depletion of endogenous NAEs by AtFAAH
overexpression could bypass the requirement for CO to trigger
FT expression through yet to be characterized CO-independent
pathways.

N -lauroylethanolamine (NAE 12:0) elicits a number of
growth inhibitory effects when applied to Arabidopsis seedlings

(Blancaflor et al., 2003; Motes et al., 2005). This NAE type is com-
paratively low in concentration in desiccated seeds, but is among
the most prevalent NAE type in seedling and leaf tissues (Wang
et al., 2006; Figure 5). Seed germination and post-germinative
growth is characterized by the targeted depletion of the predom-
inant polyunsaturated NAEs such that the NAE composition and
content of vegetative tissues differs substantially from that of seeds
(Kim et al., 2010). While there is much to be learned about the
relationship of individual NAE species with physiological func-
tion in plants, this manuscript provides new information about
NAE 12:0, namely the delay in flowering time in Arabidopsis.
Plants watered with NAE 12:0-containing solutions (35 μM) were
delayed in flowering (Figure 6). This delay was observed whether
the exogenous application of NAE 12:0 began at 7 or 20 days after
sowing indicating that the timing (prior to flowering) but not the
length of exposure to NAE 12:0 was required to delay their tran-
sition to flowering. Perhaps more significantly, the endogenous
level of NAE 12:0 was the NAE type that was most altered in the
AtFAAH overexpressing lines, suggesting that the specific metab-
olism of NAE 12:0 by AtFAAH is related to flowering transition
time. Response to application of NAE 12:0 solutions to the soil
implies that NAE 12:0 is likely taken up through the roots and
translocated to the shoots to where it exerts its effect. It is tempt-
ing to speculate that FT may be a direct target of NAE 12:0, since
FT has homology to known phosphatidylethanolamine binding
proteins (PEBP). To our knowledge there have been no studies
to examine the interaction of acylethanolamines with FT or FT-
related proteins. In fact the annotation of FT as a member of the
PEBP family comes from sequence homology rather than from
functional binding data. Certainly future experiments to probe
the role of NAE signaling in flowering time via FT should include
assays of direct interaction between FT and NAE 12:0 and other
ethanolamine-containing lipids. Whether the action of NAE 12:0
on FT is direct or indirect, the data presented here provide the
first indication that NAE metabolism may play a role in the sig-
nal transduction events that lead to FT-mediated transition from
vegetative to reproductive growth in Arabidopsis. It remains to be
tested whether or not the NAE pathway represents a bypass of
other floral transition mechanisms such as CO.
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APPENDIX

FIGURE A1 | At3g28500 is strongly expressed in flowers and inflorescence meristem (arrows). In silico expression profiling of At3g28500 based on
publicly available microarray data sets from Genevestigator [(A), Zimmermann et al., 2004] and Arabidopsis eFP browser [(B), Winter et al., 2007].

FIGURE A2 | Relative expression of FT and SEP3 of 7-day-old

Arabidopsis seedlings treated with 50 μM NAE 12:0 for 24 h as

determined by quantitative RT-PCR.
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myo-Inositol is a precursor for cell wall components, is used as a backbone of myo-inositol
trisphosphate (Ins(1,4,5)P3) and phosphatidylinositol phosphate signaling molecules, and is
debated about whether it is also a precursor in an alternate ascorbic acid synthesis pathway.
Plants control inositol homeostasis by regulation of key enzymes involved in myo-inositol
synthesis and catabolism. Recent transcriptional profiling data indicate up-regulation of the
myo-inositol oxygenase (MIOX) genes under conditions in which energy or nutrients are
limited.To test whether the MIOX genes are required for responses to low energy, we first
examined MIOX2 and MIOX4 gene expression regulation by energy/nutrient conditions.
We found that both MIOX2 and MIOX4 expression are suppressed by exogenous glucose
addition in the shoot, but not in the root. Both genes were abundantly expressed during low
energy/nutrient conditions. Loss-of-function mutants in MIOX genes contain alterations in
myo-inositol levels and growth changes in the root. Miox2 mutants can be complemented
with a MIOX2:green fluorescent protein fusion. Further we show here that MIOX2 is a
cytoplasmic protein, while MIOX4 is present mostly in the cytoplasm, but also occasion-
ally in the nucleus. Together, these data suggest that MIOX catabolism in the shoot may
influence root growth responses during low energy/nutrient conditions.

Keywords: myo-inositol, ascorbic acid, nutrient response, energy

INTRODUCTION
myo-Inositol (inositol) is a cyclic polyol that is synthesized by
both eukaryotes and prokaryotes (Michell, 2007, 2008), and is
used in signaling transduction pathways, hormone regulation,
stress tolerance, phosphorus storage, and for metabolic purposes
(Loewus and Loewus, 1983; Loewus and Murthy, 2000; Gillaspy
et al., 2004; Gillaspy, 2011). Inositol levels are maintained in the
plant cell through a combination of regulatory controls on inos-
itol synthesis and oxidation. The rate-limiting step in inositol
synthesis is catalyzed by the inositol phosphate synthase (MIPS)
enzyme (Donahue et al., 2010), while oxidation of inositol is cat-
alyzed by the inositol oxygenases (MIOXs; EC 1.13.99.1; Koller
and Hoffmann-Ostenhof, 1979; Reddy et al., 1981; Arner et al.,
2001). Intriguing data shows a correlation between the transcrip-
tion of one MIPS gene family member, AtMIPS1 (At4g43980) and
rosette biomass, underscoring the importance of inositol and its
metabolites in plant growth (Sulpice et al., 2009).

Besides synthesis, another potential regulatory point of inosi-
tol homeostasis is the oxidation of inositol to d-glucuronic acid
(DGlcA), which is catalyzed by the MIOX enzyme. MIOX action
involves the incorporation of a single oxygen atom from molecu-
lar oxygen, which breaks open the inositol ring structure (Moskala
et al., 1981). MIOX is encoded by a well-conserved, four mem-
ber gene family in Arabidopsis (At1g14520, At2g19800, At4g26260,
and At5g56640; Lorence et al., 2004; Kanter et al., 2005; Endres
and Tenhaken, 2009). The four MIOX genes are differentially reg-
ulated during development with MIOX2 (At2g19800) being the
predominantly expressed gene, while MIOX4 (At4g26260) and

MIOX5 (At5g56640) are expressed mostly during reproductive
stages (Kanter et al., 2005). Disruption of MIOX genes can dimin-
ish the amount of inositol incorporated into the cell wall fraction,
thus these genes have been shown to actively impact the pro-
duction of cell wall compounds (Kanter et al., 2005; Endres and
Tenhaken, 2009, 2011).

Expression of the MIOX2 gene from Arabidopsis has previously
been correlated with energy sensing and/or sugar status (Baena-
Gonzalez et al., 2007). It was shown that overexpression of the
Sucrose Non-fermenting 1-related kinase (SnRK1.1) energy/low
nutrient sensor upregulates expression of a suite of genes, includ-
ing MIOX2, that may allow for growth adaptation to low energy
conditions (Baena-Gonzalez et al., 2007). SnRK1.1 mutants and
overexpressors are altered in growth under low energy/nutrient
conditions and also have alterations in lifespan, suggesting that
SnRK1.1 controls plant responses to low energy/nutrients and/or
stress (Baena-Gonzalez et al., 2007). In a separate study, thor-
ough transcriptional profiling and metabolite analyses of Ara-
bidopsis exposed to extended dark conditions revealed that both
MIOX2 and MIOX4 expression were induced by extended dark-
ness, and this induction was followed by a decrease in inositol levels
(Gibon et al., 2006). Thus energy status appears to regulate MIOX
expression, and specific MIOX isoforms may function in control-
ling inositol levels in plants. These data indicate that control of
MIOX expression and oxidation of inositol may be an important
adaptation to low energy/nutrient status and stress in plants.

To test this hypothesis, we examined the spatial patterns
of MIOX2 and MIOX4 gene expression in different nutrient
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conditions, finding that glucose regulates MIOX2 and MIOX4 dif-
ferently in the shoot versus the root. We also tested whether miox
mutant plants were altered in inositol levels and nutrient growth
responses. We report here that MIOX2 and MIOX4 gene expres-
sion is negatively regulated by exogenous glucose application in
the shoot, but not the root. In addition, both miox2 and miox4
mutants contain growth alterations, time to flowering differences,
and metabolite alterations consistent with a role for these genes in
energy/nutrient sensing.

MATERIALS AND METHODS
PLANT GROWTH AND GERMINATION EXPERIMENTS
Arabidopsis thaliana ecotype Columbia plants were used for all
experiments. For seed germination experiments, age-matched
wildtype (WT) and mutant seeds were harvested on the same
day from plants grown in parallel on the same shelf of a growth
rack and were stored at 23˚C in the dark for at least 30 days before
germination. For root growth experiments, seeds were surface-
sterilized and plated on 0.8% agar medium, 0.5× Murishige and
Skoog (MS) salts + 0.8% agar medium and 0.5× MS + 0.8% agar
medium + 3% glucose. Each agar plate was divided into sections,
and >10 seeds of WT or mutant type were plated per section.
Plates were wrapped in foil and placed at 4˚C for 3 days before
moving to room temperature. Root length was recorded every
2 days and experiments were performed in triplicate or more.
For gas chromatography (GC) analysis of seedlings, seeds were
grown on pre-wetted sterile filter paper for 5 days under contin-
uous light. For flowering time and GC analyses of older tissues,
seeds were grown on soil under l6 h of light/day at 22˚C/24˚C and
watered every other day with measured amounts. Regular-light
conditions of 100–200 μE for 16 h days and low-light conditions
of 40 μE for 16 h days were provided by a mixture of fluorescent
and incandescent lamps or fluorescent lamps only.

PROMOTER ANALYSIS
General conditions have been described (Styer et al., 2004). WT,
MIOX2p:GUS, and MIOX4p:GUS seeds were surface-sterilized,
grown on soil or on no nutrients (agar), low nutrients (agar + 0.5×
MS salts), and optimal nutrients (agar + 0.5× MS salts + 3% glu-
cose). Seedlings were removed at 5–7 days from the plates and
GUS stained. Stained samples were photographed with an Olym-
pus SZX16 stereoscope and attached Olympus DP71 camera with
DP Controller software (Olympus Corp., Japan).

MUTANT ISOLATION
Potential MIOX2 (At2g19800) and MIOX4 (At4g26260)
mutants were identified from the Salk T-DNA lines (Alonso
et al., 2003) through the analysis of the SiGnAL data-
base (http://www.signal.salk.edu/cgi-bin/tbnaexpress). Seeds for
miox2-1 (Salk_002569), miox2-2 (Salk_040608), and miox4-1
(Salk_018395) mutants were obtained from the Ohio State
University Arabidopsis Biological Resource Center. To map
the T-DNA insertion sites, genomic DNA was isolated from
leaves of the mutant lines using a DNeasy kit (QIAGEN, Inc.,
Valencia, CA, USA) according to the manufacturer’s instruc-
tions. DNA from segregating plants was screened with PCR
using the SALK LB primers and the MIOX gene-specific

primers. To analyze the miox2-1 line, annealing at 59˚C was
performed with the LB primer and the following forward
and reverse primers: 2-1for, 5′-AACCATGATATCAACAACCC-
3′ and 2-1rev, 5′-TGCTGGCCAAAAAGTATGGC-3′. To ana-
lyze the miox2-2 line, annealing at 60˚C was performed
with the LB primer and the following forward and reverse
primers: 2-2for, 5′-ATTATGAGAATGGTGAAAGC-3′ and 2-2rev,
5′-GGCTCCTGCCTTGTGCAATG-3′. To analyze the miox4-
1 line, annealing at 55˚C was performed with the LB
primer and the following forward and reverse primers: 4-
1for, 5′-ATGACGATCTCTGTTGAGAAGC-3′ and 4-1rev, 5′-
TCACCACCTCAAGTTTTCCGGG-3′. The resulting PCR frag-
ments were sequenced and compared to the genomic sequence
for each gene to map the T-DNA insertion.

RT-PCR
Total RNA was extracted from 6-week-old leaves and open flowers
from WT and mutant plants using an RNeasy kit (QIAGEN, Inc.,
Valencia, CA, USA) and quantified using a NanoDrop ND-1000
Spectrophotometer (Thermo Scientific NanoDrop Technologies,
LLC, Wilmington, DE, USA). cDNA was synthesized using an
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA). For MIOX2 semi-quantitative PCR, the 2-2for primer and
2cDNArev primers were used in 30 cycles of PCR amplification
(1 min 95˚C, 1 min 54˚C, 1.5 min 72˚C) resulting in a 780 bp prod-
uct. For MIOX4 semi-quantitative PCR, the 4-1for primer and
4-1rev primer were used in 30 cycles of PCR amplification (1 min
95˚C, 1 min 56˚C, 2 min 72˚C) resulting in a 954 bp product. Actin
amplification has been described and generated a 425-bp prod-
uct (Berdy et al., 2001). For quantitative PCR RNA was purified
from 10-day-old seedlings grown on low nutrients conditions and
cDNA was synthesized from equal amounts of RNA. Samples were
loaded into 96-well plates containing Sybr Green PCR MasterMix
(Applied Biosystems) and primers for MIOX2, MIOX4, or PEX4
housekeeping genes (as described in Donahue et al., 2010; Endres
and Tenhaken, 2011). For each primer set one primer was con-
structed to span an intron, limiting amplification from genomic
DNA. Reactions in triplicate were monitored with an Applied
Biosystems 7300 Real-Time PCR instrumentation outfitted with
SDS software version 1.3.1. Relative expression of MIOX2 and
MIOX4 were normalized to that of PEX4. Primer sequences can
be found in the Table A1 in Appendix.

FLOWERING TIME ASSAYS
Wildtype and mutant plants were grown as described previously
under long-day (16 h) or short-day (8 h) conditions. Careful atten-
tion was given to growing plants side-by-side or in the same pot
for comparison. Plants were examined at the point of inflorescence
emergence. Plants were removed from soil, inverted, and rosette
leaves were removed in developmental order to facilitate counting.
Fifteen or more plants per variant were examined.

GC AND GC/MASS SPECTROMETRY ANALYSES
Gas chromatography was used to quantify inositol and DGlcA
levels. For sample preparation, frozen seedlings and tissues were
ground into a powder, and 1 ml of 60% methanol was mixed
with the powder. d-chiro-inositol (2 μg) was added to the mixture
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as an internal standard. The mixture was incubated at 70˚C for
approximately 1.5 h. The insoluble portion was removed by cen-
trifugation at 13200 rpm for 10 min. The supernatant was dried
and reconstituted in 200 ml of water, filtered through a 0.2-μM
Tuffryn® syringe filter (Pall Gelman Laboratory, Ann Arbor, MI,
USA), and dried again. The dried sample was reduced by mixing
with 100 μl of 10 mM dithiothreitol for 10 min and dried again.
Two hundred fifty microliters of freshly prepared derivatization
reagent (1:1 mixture of pyridine and bis (trimethyl-silyl) trifluoro-
acetamide + 1% trimethylchlorosilane; Alltech, State College, PA,
USA) was added, and the sample was sonicated and heated at 80˚C
for at least 45 min until the entire sample was in solution. The sam-
ple was transferred to an autosample vial, and 250 μl of hexanes
were added. Samples were injected with a split of 10 ml/min and
separated by a Clarus 500 GC (Perkin Elmer Instruments, Shelton,
CT, USA) on a Rtx®-5 fused capillary column 30 m × 0.32 mm
i.d. (Restek, Bellefonte, PA, USA) with helium as the carrier gas
and pressure-controlled flow set at 6.5 psi with a linear velocity of
1 ml/min. The injection port was set at 225˚C, the oven was set on a
gradient from 75 to 274˚C at 6.5˚C/min, and the flame ionization
detector was set at 280˚C. For compound identification, reten-
tion times of peaks were compared to those of known metabolite
standards. Standard curves displaying peak area versus microgram
per milliliter were generated for inositol and DGlcA and peak area
was quantified by Totalchrom software (Perkin Elmer, Shelton, CT,
USA), adjusted based on recovery of the known internal standard,
and converted to microgram per milliliter based on the standard
curves. Values were converted to microgram per gram fresh weight
based on the original sample weight. At least three to five indepen-
dent replicates were averaged together to determine the presented
means.

We confirmed the identity of inositol and DGlcA peaks using
a GC/mass spectrometry (MS) system (6890/5975; Agilent Tech-
nologies, Santa Clara, CA, USA) operating in selected ion monitor-
ing mode (50–550). Plant samples and standards were separated
by a 6890-N GC on an HP-5MS capillary column 30 m × 0.25 mm
i.d. (Agilent Technologies, Inc., Santa Clara, CA, USA) with helium
as the carrier gas with pressure-controlled flow set at 9.1 psi. The
injection port was set at 250˚C, the oven was set on a gradient
from 75 to 274˚C at 6.5˚C/min, and compounds were submitted to
electrospray ionization and detected by a 5975 MS (Aglient Tech-
nologies, Inc., Santa Clara, CA, USA). The mass spectrum for each
peak of interest was compared with a library, from Agilent Data
Analysis software, of known spectral data for compound identi-
fication (Aglient Technologies, Inc., Santa Clara, CA, USA). SIM
mode detected inositol target ions at a mass:charge ratio of 217,
305, and 432, and DGlcA ions at 204, 217, and 305, respectively.

WESTERN BLOTTING
Conditions have been previously reported (Burnette et al., 2003).
Briefly, tissues were ground in liquid nitrogen, homogenized and
resuspended with a pestle in SDS-bromophenol blue loading dye,
boiled, and the supernatant was loaded onto a polyacrylamide gel
for separation. SDS-PAGE was followed by Western blotting with a
1:20000 dilution of rabbit anti-MIOX4 antibody (provided by the
Nessler lab from Cocalico Biologicals, Inc., Reamstown, PA, USA)
or blotting with a 1:1000 dilution of rabbit anti- green fluorescent

protein (GFP) antibody (Invitrogen Molecular Probes, Eugene,
OR, USA). A secondary goat, anti-rabbit horse radish peroxidase
antibody (Bio-Rad Laboratories, Hercules, CA, USA) was used at
a 1:2000 dilution. Immunoreactive bands were detected using an
ECL Plus Western Blotting Detection System (Amersham, Buck-
inghamshire, UK) and imaged with a Bio-Rad Gel-Doc system
with Quantity One Software (Bio-Rad). Ponceau S staining of
blots prior to antibody incubation was performed to ensure that
equal amounts of extracts were analyzed.

GFP FUSION CONSTRUCTION AND GFP IMAGING
The 2255-bp genomic region of MIOX2, minus the stop codon,
and the 948-bp coding region of MIOX4, minus the last two
codons, were amplified by high-fidelity PCR using Phusion poly-
merase (New England BioLabs, Ipswich, MA, USA), confirmed
by sequencing, cloned into the pENTR/D-TOPO vector (Invitro-
gen), and recombined via the Gateway system (Invitrogen) using
the manufacturer’s instructions into pK7FWG2. The resulting 35S
cauliflower mosaic virus (35SCaMV) promoter:MIOX2:GFP and
35S CaMV promoter:MIOX4:GFP constructs were transformed
into Agrobacterium tumefaciens by cold shock and were used
in the transformation of miox2-2 and WT plants as described
(Bechtold et al., 1993). MIOX2:GFP, MIOX2:GFP/miox2-2, and
MIOX4:GFP seedlings were identified on 50 μg/mL kanamycin
plates and by screening for GFP production using an Olym-
pus SZX16 stereoscope equipped with fluorescence optics with
an attached Olympus DP71 camera with DP Controller soft-
ware (Olympus Corp., Japan). Two independent, complemented
lines (MIOX2:GFP/miox2-2 C14 and MIOX2:GFP/miox2-2 F2),
two independent WT background lines (MIOX2:GFP M4 and
MIOX2:GFP C9), and one WT background line (MIOX4:GFP)
with detectable GFP expression were used for subcellular local-
ization. Imaging experiments and DAPI staining (Ananieva et al.,
2008) and plasmolysis experiments (Ercetin et al., 2008) have been
described previously.

RESULTS
MIOX2 AND MIOX4 EXPRESSION IS REGULATED BY NUTRIENTS
To examine the spatial and temporal expression of MIOX2 and
MIOX4 within tissues, we examined previously characterized
MIOX2p:GUS and MIOX4p:GUS lines (Kanter et al., 2005). We
focused on the MIOX2 and MIOX4 genes as published work has
indicated a role for these genes in seedlings (Gibon et al., 2006;
Baena-Gonzalez et al., 2007), while MIOX1 is not abundantly
expressed at any stage and MIOX5 is restricted to flowers (Kanter
et al., 2005). Multiple lines of MIOX2p:GUS and MIOX4p:GUS
seedlings were grown on no nutrients (agar), low nutrients
(agar + 0.5× MS salts), and optimal nutrients (agar + 0.5× MS
salts + 3% glucose) in low-light (40 μE) for 7 days. We found that
MIOX2 is abundantly expressed under the no nutrient conditions
with intense staining found in the cotyledons, hypocotyl, and root
(Figure 1). In contrast, with no nutrients present, there is no obvi-
ous staining in the MIOX4p:GUS seedlings (Figure 1). Under the
low nutrient condition, the intensity of MIOX2p:GUS staining
decreases, with moderate expression present in the cotyledons and
root (Figure 1). MIOX4 expression is also present in cotyledons
and roots in the low nutrient condition, although, overall there is
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FIGURE 1 | MIOX2 and MIOX4 expression varies with nutrient

conditions. WT, MIOX2p:GUS, and MIOX4p:GUS 5- to 7-day seedlings were
grown on no nutrient (upper), low nutrient (lower), or optimal nutrient

conditions and GUS activity was examined. Pictures are representative of
staining patterns observed in 5–10 seedlings for each condition. WT samples
showed no staining.

less MIOX4 expression as compared to MIOX2 expression in low
nutrients (Figure 1). As expected from previous microarray pro-
filing (Gibon et al., 2006), both MIOX2 and MIOX4 expression are
greatly reduced when seedlings are grown with exogenous 3% glu-
cose (Figure 1). Our use of the GUS reporter, however, reveals that
repression of MIOX2 and MIOX4 expression by sugar is restricted
to shoot tissues, with portions of the roots still expressing both
genes (Figure 1). Specifically, in glucose-treated seedlings large
areas of both lateral and the primary roots, including the root
tip (Figure 1) retain expression of MIOX2. In contrast, MIOX4
becomes restricted to the primary root tip in glucose-treated
seedlings (Figure 1). We conclude that glucose represses MIOX2
and MIOX4 expression in shoot tissues of seedlings, while areas of
root tissues maintain MIOX expression. These results are intrigu-
ing given that it has been speculated by others that myo-inositol
translocation from the shoot to the root via the phloem provides
information on the shoot photosynthetic status to the root (Nelson
et al., 1998).

IDENTIFICATION OF MIOX2 AND MIOX4 MUTANT LINES
To test whether MIOX2 and MIOX4 impact sugar sensing, we
isolated T-DNA insertion mutants for these genes from the Salk
collection (Alonso et al., 2003) obtained from the Arabidopsis
Biological Resource Center. The T-DNA insertions in miox2-2
(SALK_040608) and miox4-1 (SALK_01839) were confirmed by
PCR using a T-DNA left border (LB) primer and gene-specific

primers (2-2for and 2-1rev for MIOX2 and 4-1for and 4-1rev
for MIOX4). This resulted resulting in the amplification of an
873 bp fragment in miox2-2 mutants (Figure 2A). Sequencing of
the amplified fragment showed that the T-DNA insertion is at
the border of the fifth intron and sixth exon (Figure 2A). The
T-DNA insertion in miox4-1 was confirmed by PCR using a T-
DNA LB primer and MIOX4 gene-specific primers (4-1for and
4-1rev), resulting in the amplification of a 635-bp fragment in
miox4-1 mutants (Figure 2B). Sequencing of the amplified frag-
ment showed that the T-DNA insertion was in the third intron for
miox4-1 (Figure 2B).

To examine whether expression of MIOX2 and MIOX4 is
altered in miox2 and miox4 homozygous mutant lines, we exam-
ined RNA levels using quantitative PCR. We used RNA iso-
lated from seedlings grown under low nutrient conditions, and
MIOX2 and MIOX4 gene-specific primers to determine rela-
tive levels of expression of MIOX2 and MIOX4 (Figure 2C).
Under these conditions, MIOX2 expression is ∼3000-fold higher
than MIOX4 in WT seedlings. We found almost no detectable
expression of MIOX2 in miox2-2 mutants. In addition, miox2-2
mutants had elevated MIOX4 gene expression (2.4-fold), indi-
cating the possibility that miox2-2 mutants up-regulate MIOX4
expression to compensate for loss of MIOX2 expression. In
contrast, miox4-1 mutants have a large (>5-fold) reduction in
MIOX4 gene expression, and a smaller reduction in MIOX2
expression (Figure 2C). We also used semi-quantitative PCR
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FIGURE 2 | Characterization of MIOX2 and MIOX4T-DNA Insertion

Mutants. (A). MIOX2 (A) and MIOX4 (B) gene maps showing locations of
T-DNA insertions. Black boxes represent exons, black lines represent
introns. LB: T-DNA left border, RB: T-DNA right border. Arrows indicate
primers. (C) Relative transcript levels of MIOX2 (left) and MIOX4 (right) in
WT, miox2-2 and miox4-1 mutant seedlings as determined by quantitative
PCR. Primer sequences can be found in theTable A1 in Appendix.

to examine expression of both genes in leaves and flowers of
miox2-2 and miox4-1 mutants (data not shown). Using this
approach, we found no detectable MIOX2 expression in miox2-
2 leaves, and reduced amounts of MIOX4 in miox4-1 flow-
ers, as compared to WT. A second miox2 allele named miox2-1
(SALK_002569), containing a 3′UTR T-DNA insertion, was also
examined in our studies. As this mutant line had no reduction in
MIOX2 expression in seedlings, we do not include data for this
mutant here. From these analyses, we conclude that the miox2-
2 and miox4-1 mutants are suitable for examining the conse-
quences of eliminating or reducing MIOX2 or MIOX4 expression,
respectively.

miox MUTANTS ARE ALTERED IN NUTRIENT RESPONSES
To determine whether MIOX2 or MIOX4 are required for growth
under various nutrient conditions, we measured root lengths
of WT, miox2-2, and miox4-1 seedlings grown with no, low
and optimal nutrients over a period of 8–9 days (Figure 3).
We also included a miox2-2 mutant expressing a 35S CaMV
promoter:MIOX2:GFP transgene as a control for complemen-
tation (MIOX2/miox2-2). MIOX2/miox2-2 plants accumulated

FIGURE 3 | Root growth in different nutrient conditions. WT and mutant
seeds were surface-sterilized, placed on agar with different nutrients,
stratified for 3 days at 4˚C, then placed at room temperature under long-day
conditions. Root length was measured every other day. (A) No nutrients.
(B) Low nutrients. (C) Optimal nutrients. Bars represent the mean ± SE
where n = 3–5, with each replicate containing 10–15 seedlings. *Indicates
p-value ≤0.05 as compared to WT.

MIOX2:GFP protein as measured by western blotting with an
anti-GFP antibody (Figure 4).

Recall that MIOX2 expression is highest in shoots and roots
of seedlings grown with no nutrients (Figure 1). Under these no
nutrient conditions, a trend for increased miox2-2 mutant root
growth as compared to WT over 3–7 days is apparent (Figure 3A,
left). The increase in root growth of miox2-2 mutants is statistically
significant at day 3 and at day 5 (Figure 3A, left). MIOX2/miox2-2
root growth is similar to miox2-2 root growth on day 3, but does
not differ from WT on day 5 and day 7 (Figure 3A, left). This
suggests that the MIOX2:GFP construct complements the miox2-
2 mutant under these conditions. When grown under the low
nutrients condition for 5–7 days, miox2-2 roots grow longer than
WT roots, while MIOX2/miox2-2 root growth appears to be more
like WT root growth (Figure 3B, left). In contrast, when miox2-
2 mutants are grown on optimal nutrients, a condition in which
MIOX2 expression becomes restricted to roots alone (Figure 1),
there are no differences in root growth between miox2-2 mutants,
WT, and MIOX2/miox2-2 (Figure 3C, left). These data suggest that
MIOX2 expression is required for proper control of root growth in
varying nutrient conditions. Further, these data suggest that under
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FIGURE 4 | Expression of MIOX4: and MIOX2:GFP in transgenic

seedlings. Denatured protein extracts from seedlings were separated by
SDS-PAGE, transferred to nitrocellulose, and blotted with either an anti-GFP
or anti-MIOX4 antibody.

no or low nutrients, MIOX2 expression in the shoot is required to
limit root growth.

The data from miox4 mutants also reveal a role for MIOX4
in regulating root growth (Figure 3). We observed a trend for
decreased root growth in miox4-1 mutants as compared to WT
roots grown with no nutrients (Figure 3A, right). The decrease in
root growth in miox4-1 mutants was statistically significant at day
4 and day 6. In contrast, when grown on low nutrients, miox4 root
growth was increased as compared to WT roots at all measured
time points (Figure 3B, right). This shift in growth suppression
with no nutrients versus growth stimulation with low nutrients
correlates with the absence or presence of MIOX4 expression in
WT seedlings grown in these conditions (Figure 1). Under optimal
nutrient conditions, miox4-1 mutants have reduced root growth as
compared to WT roots at day 3 and day 5, but no changes in root
growth at later time points (Figure 3C, right). We conclude that
the MIOX4 gene is also required for proper control of root growth
in varying nutrient conditions, and that MIOX4 may play a similar
role as MIOX2 in limiting root growth under low nutrient condi-
tions. Further, the growth limiting role of MIOX2 and MIOX4 in
low nutrient conditions is correlated with MIOX expression in the
shoot, suggesting that shoot MIOX oxidation of myo-inositol may
provide a signal for root growth regulation.

miox MUTANTS ARE ALTERED IN FLOWERING TIME
Alterations in nutrient status are known to impact time to flow-
ering. While under standard laboratory conditions we noted no
differences in miox2 and miox4 mutant growth and develop-
ment, we did find alterations in time to flowering (Figure 5).
Examination of MIOX2 and MIOX4 expression in rosette leaves
prior to inflorescence emergence indicated that both MIOX2 and
MIOX4 are expressed in soil-grown plants at this stage. In par-
ticular, MIOX2 is expressed in younger leaves, hydathodes, and
stipules (Figure 5A), while MIOX4 is expressed only in leaf stipules
(Figure 5C). Overall, the amount of MIOX2 and MIOX4 expres-
sion at this stage is much less than at the seedling stage, and neither

MIOX2 nor MIOX4 was abundant in fully expanded rosette leaves
(Figures 5B,D). Remarkably, the small amount of MIOX2 and
MIOX4 expression in shoot apices at this stage impacts time to
flowering in opposite ways. Under long-day conditions, miox2-2
mutants flower late (Figure 5E) with an average of 1.5 more leaves
required to initiate flowering (Figure 5G). In contrast, miox4-1
mutants flower early (Figure 5F) with an average of 1.5 to 2 less
leaves upon flowering (Figure 5G). We conclude that both MIOX2
and MIOX4 genes are required to maintain time to flowering, and
the genes have opposing roles that correspond to different patterns
of expression at this stage.

Both MIOX2 and MIOX4 are also expressed in developing
and mature flowers (data not shown). Both genes are expressed
in male and female organs, however, MIOX4 is expressed in all
whorls (sepals, petals, stamens, and carpels), while MIOX2 is only
detectable in the inner two whorls.

miox MUTANTS HAVE ALTERED INOSITOL LEVELS
To determine how inositol metabolism is affected in the miox2 and
miox4 mutants, we quantified the MIOX substrate, inositol, and its
product, DGlcA, in various tissues from miox2-2, MIOX2/miox2-
2 and miox4-1 plants. As controls for this work we included
transgenic plants expressing a WT copy of MIOX2 or MIOX4
fused to the GFP gene driven by the 35S CaMV promoter. Both
MIOX2:GFP and MIOX4:GFP plants accumulated MIOX:GFP
protein as measured by western blotting with an anti-GFP anti-
body and an anti-MIOX4 antibody (Figure 4). Reactivity with the
anti-MIOX4 antibody made against a recombinant Arabidopsis
MIOX4 protein was stronger for MIOX4 than MIOX2 (Figure 4).

To measure inositol and DGlcA, we grew WT, miox2-2,
MIOX2/miox2-2, MIOX2:GFP, miox4-1, and MIOX4:GFP plants
in soil and harvested leaves, flowers, and siliques. In addition,
we grew seedlings from these lines on low nutrients and har-
vested tissues from these samples. Tissues were prepared for
GC analyses using both conventional GC and GC–mass spec-
trometry (GC–MS). Standard curves for each metabolite were
generated using commercially available standards. Peaks within
chromatograms were identified by comparison to the retention
times of standards and by parallel GC–MS analysis. Peak areas
were quantified from chromatograms and normalized to the
amount of sample material and internal standards. We found
that miox2-2 mutants contain significantly elevated inositol lev-
els in seedlings, leaves, and flowers (Figure 6). In contrast,
MIOX2/miox2-2 and MIOX2:GFP seedlings, leaves, flowers, and
siliques all contain significantly reduced inositol levels, suggest-
ing that MIOX2:GFP/miox2-2 plants are metabolically similar to a
gain-of-function in MIOX2. Overall, these data are consistent with
reduced inositol oxidation in miox2-2 mutant seedlings, leaves
and flowers, and increased inositol oxidation in all tissues from
MIOX2/miox2-2 and MIOX2:GFP plants.

Despite the changes seen in inositol in most miox2-2 tissues,
there are no changes in DGlcA levels in any miox2-2 tissues exam-
ined (Figure 6). In addition, MIOX2/miox2-2 and MIOX2:GFP
tissues only have alterations in DGlcA levels in siliques where
both MIOX2/miox2-2 and MIOX2:GFP plants have statistically
significant elevations (Figure 6). We conclude that the growth
increase in miox2-2 mutant roots in the low nutrients condition
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FIGURE 5 | Comparison of miox mutants in flowering time. WT,
MIOX2p:GUS (A,B), and MIOX4p:GUS (C,D) tissues were examined
for GUS activity. Pictures are representative of staining patterns
observed in 5–10 samples. WT samples showed no staining (not
shown). (E,F) WT, miox2-2, and miox4-1 mutant seeds were sown on

pre-wetted soil, stratified at 4˚C for 3 days, and then placed in a
growth chamber under long-day conditions. (G) The number of
rosette leaves prior to flowering were counted. Values represent the
mean ± SE where n = 15–38 plants. *Indicates p-value ≤0.05 as
compared to WT.

is accompanied by elevated inositol levels, suggesting that MIOX2
oxidation of inositol plays a role in regulating seedling root growth
when energy is limited.

The loss of the MIOX4 gene impacts inositol levels less dramat-
ically than does loss of MIOX2 (Figure 6). miox4-1 seedlings and
flowers have a small increase in inositol, while miox4-1 siliques
have a small decrease in inositol (Figure 6). The only MIOX4:GFP
tissue with altered inositol is flowers, with a small elevation in
inositol apparent (Figure 6). There are no changes in DGlcA in
miox4-1 tissues (Figure 6). MIOX4:GFP siliques contain elevated
DGlcA, with other tissues from these plants having no changes in
DGlcA (Figure 6).

SUBCELLULAR LOCALIZATION OF MIOX2:GFP AND MIOX4:GFP FUSION
PROTEINS
To determine the site of inositol oxidation by MIOX2 and MIOX4,
we examined the localization of the MIOX2:GFP fusion protein
in MIOX2:GFP/miox2-2 seedlings grown in the low nutrients
condition (Figure 7). As these plants have decreased inositol levels

(Figure 6), this indicates that the MIOX2:GFP fusion protein is cat-
alytically active, thus it is likely that this fusion protein undergoes
the same post-translational modifications and subcellular local-
ization as the native MIOX2 protein. We analyzed T2 progeny
from two independent MIOX2:GFP/miox2-2 lines with fluores-
cence deconvolution microscopy, and found a similar pattern of
location in both lines. GFP fluorescence was associated with the
cytoplasm in all cells within the cotyledon epidermis (Figure 7A),
hypocotyls (Figure 7B), seedling roots (Figure 7D). To confirm
the cytoplasmic localization, we treated the seedlings with 0.8 M
NaCl to plasmolyze the cells, causing the cytoplasm to retract
from the cell wall (Figures 7C,D). We conclude that MIOX2:GFP
fluorescence is located in the cytoplasm in seedlings.

To investigate the subcellular location of MIOX4:GFP fusion
protein, we examined the localization of the MIOX4:GFP fusion
protein in transgenic seedlings grown in the low nutrients
condition (Figure 7). GFP fluorescence was associated with the
cytoplasm in cells in the cotyledon epidermis (Figure 7E), and
root tips (Figure 7F). To confirm the cytoplasmic localization, we
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FIGURE 6 | Metabolite Levels in WT, miox Mutant, and MIOX:GFP

Tissues. Seedlings were grown under low nutrient conditions, while
leaves, flowers, and siliques were harvested from soil-grown plants.
Tissues were harvested, ground in liquid nitrogen, extracted, reduced,
derivatized, and analyzed by GC. Amounts are given in microgram per
gram fresh tissue. Top panels are myo-inositol; bottom panels are DGlcA.

Bars represent the mean ± SD where n = 3–5 independent, biological
replicates, with each seedling replicate containing hundreds of 5-day-old
low nutrient-grown seedlings, each leaf replicate containing three to five
6-week-old leaves, each flower replicate containing 50–100 open flowers,
and each silique replicate containing 30–50 green, elongated siliques.
*Indicates p-value ≤0.05 as compared to WT.

plasmolyzed cells with 0.8 M NaCl and found GFP fluorescence
in the cytoplasm (data not shown). In addition to its cytoplas-
mic location, however, small amounts of MIOX4:GFP was also
located in nuclei from some, but not all, root tip cells (Figure 7F).
To confirm the nuclear localization of MIOX4:GFP, we stained
MIOX4:GFP seedlings with the nuclear dye 4′,6-diamidino-2-
phenylindole (DAPI) and imaged GFP and DAPI fluorescence
simultaneously (data not shown). In the region examined, approx-
imately 50% of root nuclei exhibiting DAPI fluorescence also had
GFP fluorescence indicating that the MIOX4 protein is localized
in the cytoplasm and also within some root nuclei in MIOX4:GFP
seedlings.

DISCUSSION
Inositol plays a crucial role in plant cells and its oxidation can
provide substrates for synthesis of many downstream products
(Loewus and Murthy, 2000). Our work on the MIOX enzymes
suggests that both MIOX2 and MIOX4 play important roles in
regulating inositol levels in plant cells and that loss of inositol
catabolism impacts growth responses to low energy/nutrient con-
ditions. Specifically, our data show that MIOX2 and MIOX4 spatial
expression patterns are regulated by energy status/nutrients. We
have shown that both MIOX2 and MIOX4 genes are expressed at
high levels in seedlings grown in low energy/nutrient conditions,
and that expression of both genes is suppressed by exogenous

glucose (Figure 1). Previously it was shown by others that MIOX
2 and 4 expression is up-regulated in Arabidopsis during extended
night conditions (Gibon et al., 2006) and during carbon starvation
(Osuna et al., 2007). In addition, overexpression of the SnRK1.1
low energy/stress sensor elevates MIOX2 gene expression (Baena-
Gonzalez et al., 2007). Lastly, it has been shown that the expression
of all four MIOX genes is induced in syncytia stimulated by the cyst
nematode Heterodera schachtii (Siddique et al., 2009). These cysts
are known to be strong sink tissues that the parasites use to with-
draw nutrients from the host plant, and formation of this structure
may require adjustment of metabolism to meet the high demand
for new cell wall synthesis. Thus the induction of MIOX genes dur-
ing low energy conditions and syncytia development may provide
alternative substrates for new cell wall synthesis. It is interesting to
note that a decrease in inositol in soybean is associated with resis-
tance to soybean cyst nematode (Heterodera glycine; Afzal et al.,
2009), suggesting that inositol is required for nematode-induced
cyst development in this plant.

Our data also suggest that changes in MIOX expression
result in changes in inositol catabolism. Previously it was shown
that MIOX4-overexpressing lines have a more than 30-fold up-
regulated transcript level and increased incorporation of 3H-
inositol into cell wall polymers (Endres and Tenhaken, 2009).
In addition, we show here that plants overexpressing MIOX2
also contain reduced inositol levels in seedlings, leaves, flowers,
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FIGURE 7 | Subcellular localization of GFP-tagged MIOX in Arabidopsis
seedlings. GFP-tagged MIOX2 and 4 were expressed in miox2-2 and WT
backgrounds, respectively, and imaged with fluorescent deconvolution
microscopy. MIOX2:GFP/miox2-2 seedling expression in (A) cotyledon
epidermis, (B) hypocotyl, (C,D) plasmolyzed roots treated with 0.8 M NaCl;
arrows denote plasmolyed cells. (C) Was taken with DIC optics. MIOX4:GFP
expression in (E) cotyledon epidermis and (F) root tips. Bar = 20 μm.

and siliques, suggesting an important role for the degrada-
tion pathway in controlling the cellular inositol concentration
(Figure 6). Previous metabolite data from Arabidopsis plants
grown in extended night also support a correlation between
elevated MIOX2 and MIOX4 transcription with lower inositol
levels (Gibon et al., 2006). Our data on miox mutants sup-
ports the idea that changes in MIOX expression lead to changes
in inositol oxidation. Specifically, we have shown that miox2-2
mutants have elevated inositol in seedlings, leaves and flowers.
Previously it was shown that a miox1,2,4,5 quadruple mutant
incorporates less 3H-inositol into cell wall molecules, and has
higher inositol, galactinol, and raffinose levels (Endres and Ten-
haken, 2011). Taken together, these data provide a link between
changes in MIOX transcription with alterations in tissue inositol
levels.

Considering our metabolite measurements from both miox
mutants and MIOX:GFP gain-of-function lines (Figure 6), it
seems likely that MIOX2 plays a greater role in inositol oxidation in
plants as compared to MIOX4. We noted larger alterations in inos-
itol levels in miox2-2 mutants as compared to miox4-1 mutants,
and much greater decreases in inositol in MIOX2:GFP plants as
compared to MIOX4:GFP plants (Figure 6). It is interesting to
note that there were very little differences in DGlcA levels sug-
gesting that MIOX-induced alterations in inositol do not greatly
impact the DGlcA pool. One possible explanation for this lack

of DGlcA alteration in miox2-2 and MIOX2:GFP plants is that
DGlcA may be rapidly utilized for synthesis of other molecules in
the plant.

The changes in MIOX expression and inositol levels we doc-
ument in this work are accompanied by changes in root growth.
Specifically, we measured small increases in root growth in miox2-
2 and miox4-1 mutants when energy/nutrient conditions were
low (Figure 3B). These small differences were dependent on
energy/nutrient status as seen by the fact that they were reversed or
not apparent when glucose was added (Figure 3C). Since MIOX2
and MIOX4 are induced by this same low energy/nutrient condi-
tion, we speculate that the decreased inositol oxidation in miox2-2
and miox4-1 shoots results in a signal for continued root growth
during low energy/nutrient conditions. Nelson et al. (1998) have
previously suggested that inositol is transported in the phloem
and serves to signal the photosynthetic capacity of the shoot to the
root. This shoot-to-root signaling could impact growth processes
in the root, relaying information on the photosynthetic capac-
ity of the shoot. Thus, the increase in inositol in miox2-2 and
miox4-1 seedlings we measured could provide an aberrant signal
to the roots that the photosynthetic capacity has been met for
increased cell growth. Under optimal energy/nutrient conditions,
however, MIOX2 is normally suppressed in WT seedling shoots,
but maintained in seedling roots. The overall outcome for a WT
seedling in optimal nutrient conditions is that more inositol might
be available for shoot-to-root transport, and stimulation of root
growth.

An alternative explanation for our data is that MIOX2 and
MIOX4 expression in low energy/nutrient conditions provides
alternative substrates needed for cell wall synthesis and growth
under these conditions. In the case of miox2-2 and miox4-1
mutants, the lack of MIOX2 or MIOX4 expression and subsequent
increase in seedling inositol levels in low energy/nutrient condi-
tions could limit the synthesis of these substrates. In this case the
changes in root growth we measured could be indicative of a stress
response due to lack of these substrates. We are currently seeking
ways to delineate between these possibilities and are limited by
the lack of good experimental conditions to test the impact of low
energy/nutrients when miox mutants and MIOX:GFP plants are
grown in soil.

In conclusion, the data reported here support the hypoth-
esis that MIOX enzymes are encoded by multiple genes that
are required for responses to low energy/nutrient conditions. It
appears that MIOX2 has a more prominent role in providing
inositol catabolism for the needs of the plant in many different
tissues. MIOX4 likely plays a supplementary role in some tis-
sues. Furthermore, the potential nuclear localization of MIOX4
(Figure 7) indicates that it might also have a specialized role in
inositol catabolism that remains to be characterized.
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FIGURE 7 | Subcellular localization of GFP-tagged MIOX in Arabidopsis
seedlings. GFP-tagged MIOX2 and 4 were expressed in miox2-2 and WT
backgrounds, respectively, and imaged with fluorescent deconvolution
microscopy. MIOX2:GFP/miox2-2 seedling expression in (A) cotyledon
epidermis, (B) hypocotyl, (C,D) plasmolyzed roots treated with 0.8 M NaCl;
arrows denote plasmolyed cells. (C) Was taken with DIC optics. MIOX4:GFP
expression in (E) cotyledon epidermis and (F) root tips. Bar = 20 μm.

and siliques, suggesting an important role for the degrada-
tion pathway in controlling the cellular inositol concentration
(Figure 6). Previous metabolite data from Arabidopsis plants
grown in extended night also support a correlation between
elevated MIOX2 and MIOX4 transcription with lower inositol
levels (Gibon et al., 2006). Our data on miox mutants sup-
ports the idea that changes in MIOX expression lead to changes
in inositol oxidation. Specifically, we have shown that miox2-2
mutants have elevated inositol in seedlings, leaves and flowers.
Previously it was shown that a miox1,2,4,5 quadruple mutant
incorporates less 3H-inositol into cell wall molecules, and has
higher inositol, galactinol, and raffinose levels (Endres and Ten-
haken, 2011). Taken together, these data provide a link between
changes in MIOX transcription with alterations in tissue inositol
levels.

Considering our metabolite measurements from both miox
mutants and MIOX:GFP gain-of-function lines (Figure 6), it
seems likely that MIOX2 plays a greater role in inositol oxidation in
plants as compared to MIOX4. We noted larger alterations in inos-
itol levels in miox2-2 mutants as compared to miox4-1 mutants,
and much greater decreases in inositol in MIOX2:GFP plants as
compared to MIOX4:GFP plants (Figure 6). It is interesting to
note that there were very little differences in DGlcA levels sug-
gesting that MIOX-induced alterations in inositol do not greatly
impact the DGlcA pool. One possible explanation for this lack

of DGlcA alteration in miox2-2 and MIOX2:GFP plants is that
DGlcA may be rapidly utilized for synthesis of other molecules in
the plant.

The changes in MIOX expression and inositol levels we doc-
ument in this work are accompanied by changes in root growth.
Specifically, we measured small increases in root growth in miox2-
2 and miox4-1 mutants when energy/nutrient conditions were
low (Figure 3B). These small differences were dependent on
energy/nutrient status as seen by the fact that they were reversed or
not apparent when glucose was added (Figure 3C). Since MIOX2
and MIOX4 are induced by this same low energy/nutrient condi-
tion, we speculate that the decreased inositol oxidation in miox2-2
and miox4-1 shoots results in a signal for continued root growth
during low energy/nutrient conditions. Nelson et al. (1998) have
previously suggested that inositol is transported in the phloem
and serves to signal the photosynthetic capacity of the shoot to the
root. This shoot-to-root signaling could impact growth processes
in the root, relaying information on the photosynthetic capac-
ity of the shoot. Thus, the increase in inositol in miox2-2 and
miox4-1 seedlings we measured could provide an aberrant signal
to the roots that the photosynthetic capacity has been met for
increased cell growth. Under optimal energy/nutrient conditions,
however, MIOX2 is normally suppressed in WT seedling shoots,
but maintained in seedling roots. The overall outcome for a WT
seedling in optimal nutrient conditions is that more inositol might
be available for shoot-to-root transport, and stimulation of root
growth.

An alternative explanation for our data is that MIOX2 and
MIOX4 expression in low energy/nutrient conditions provides
alternative substrates needed for cell wall synthesis and growth
under these conditions. In the case of miox2-2 and miox4-1
mutants, the lack of MIOX2 or MIOX4 expression and subsequent
increase in seedling inositol levels in low energy/nutrient condi-
tions could limit the synthesis of these substrates. In this case the
changes in root growth we measured could be indicative of a stress
response due to lack of these substrates. We are currently seeking
ways to delineate between these possibilities and are limited by
the lack of good experimental conditions to test the impact of low
energy/nutrients when miox mutants and MIOX:GFP plants are
grown in soil.

In conclusion, the data reported here support the hypoth-
esis that MIOX enzymes are encoded by multiple genes that
are required for responses to low energy/nutrient conditions. It
appears that MIOX2 has a more prominent role in providing
inositol catabolism for the needs of the plant in many different
tissues. MIOX4 likely plays a supplementary role in some tis-
sues. Furthermore, the potential nuclear localization of MIOX4
(Figure 7) indicates that it might also have a specialized role in
inositol catabolism that remains to be characterized.
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The apical plasma membrane of pollen tubes contains different PI4P 5-kinases that all
produce phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] but exert distinct cellular
effects. In the present example, overexpression of Arabidopsis AtPIP5K5 or tobacco
NtPIP5K6-1 caused growth defects previously attributed to increased pectin secretion.
In contrast, overexpression of Arabidopsis AtPIP5K2 caused apical tip swelling implicated
in altering actin fine structure in the pollen tube apex. AtPIP5K5, NtPIP5K6-1, and AtPIP5K2
share identical domain structures. Domains required for correct membrane association of
the enzymes were identified by systematic deletion of N-terminal domains and subse-
quent expression of fluorescence-tagged enzyme truncations in tobacco pollen tubes. A
variable linker region (Lin) contained in all PI4P 5-kinase isoforms of subfamily B, but not
conserved in sequence, was recognized to be necessary for correct subcellular localiza-
tion of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2. Deletion of N-terminal domains including
the Lin domain did not impair catalytic activity of recombinant AtPIP5K5, NtPIP5K6-1, or
AtPIP5K2 in vitro; however, the presence of the Lin domain was necessary for in vivo
effects on pollen tube growth upon overexpression of truncated enzymes. Overexpression
of catalytically inactive variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 did not influence
pollen tube growth, indicating that PtdIns(4,5)P2 production rather than structural proper-
ties of PI4P 5-kinases was relevant for the manifestation of growth phenotypes. When Lin
domains were swapped between NtPIP5K6-1 and AtPIP5K2 and the chimeric enzymes
overexpressed in pollen tubes, the chimeras reciprocally gained the capabilities to invoke
tip swelling or secretion phenotypes, respectively. The data indicate that the Lin domain
directed the enzymes into different regulatory contexts, possibly contributing to channeling
of PtdIns(4,5)P2 at the interface of secretion and actin cytoskeleton.

Keywords: PtdIns(4,5)P2, PI4P 5-kinase, alternative functions, membrane association, pollen tubes

INTRODUCTION
The minor phospholipid, PtdIns(4,5)P2, is involved in the control
of various cellular processes in eukaryotic cells, including plants
(Meijer and Munnik, 2003; Thole and Nielsen, 2008; Heilmann,
2009). Although the amounts of PtdIns(4,5)P2 in plant mem-
branes are low and in vegetative tissues the lipid is hard to detect
under standard conditions (König et al., 2007, 2008; van Leeuwen
et al., 2007), specialized plant cells contain detectable amounts of
PtdIns(4,5)P2 (Vincent et al., 2005; Ischebeck et al., 2008, 2011;
Kusano et al., 2008; Sousa et al., 2008; Stenzel et al., 2008). An
example is presented by pollen tubes, which are characterized
by a distinct lipid microdomain in the apical plasma membrane
that is enriched in PtdIns(4,5)P2 (Kost et al., 1999; Kost, 2008).
Although the presence of this PtdIns(4,5)P2-containing mem-
brane microdomain had been reported some time ago (Kost et al.,
1999), its relevance for pollen tube growth has remained unclear
until the PI4P 5-kinases were described that form PtdIns(4,5)P2

in the apical plasma membrane of pollen tubes (Ischebeck et al.,
2008, 2011; Sousa et al., 2008; Zhao et al., 2010).

PI4P 5-kinases are cytosolic enzymes that associate periph-
erally with the plasma membrane to modify the headgroup of
inositol-containing lipids (Anderson et al., 1999). Based on their
domain structure, PI4P 5-kinases can be categorized into the sub-
families A and B (Mueller-Roeber and Pical, 2002). Experimental
evidence (Ischebeck et al., 2008, 2011; Sousa et al., 2008; Zhao
et al., 2010) and Genevestigator analysis (Zimmermann et al.,
2004) indicate that at least 6 out of the 11 PI4P 5-kinase iso-
forms encoded in the Arabidopsis genome are expressed in pollen.
Both subfamilies are represented in the group of pollen-expressed
PI4P 5-kinases (subfamily A, AtPIP5K10 and AtPIP5K11; subfam-
ily B, AtPIP5K2, AtPIP5K4, AtPIP5K5, and AtPIP5K6), suggesting
a complex situation of PtdIns(4,5)P2 functions in these cells. By
characterizing the effects of underexpression or overexpression of
various PI4P 5-kinase isoforms on pollen tube growth and mor-
phology, it has previously been reported that different cellular
processes were affected by PtdIns(4,5)P2 originating from dif-
ferent PI4P 5-kinases. For instance, pollen tubes of Arabidopsis
double mutants deficient in the type B PI4P 5-kinases, AtPIP5K4
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or AtPIP5K5 exhibited reduced germination and growth. Over-
expression of these enzymes in tobacco pollen tubes resulted in
increased apical deposition of pectin and phenotypes ranging from
wavy growth over tip branching to protoplast trapping and stunted
growth (Ischebeck et al., 2008; Sousa et al., 2008). While not all of
these phenotypes have previously been reported for overexpres-
sion of AtPIP5K6 in tobacco pollen tubes (Zhao et al., 2010), in
our hands the overexpression phenotypes of AtPIP5K4, AtPIP5K5,
and AtPIP5K6 were all similar. The range of these overexpression
phenotypes has previously been jointly described as “secretion
phenotypes” (Ischebeck et al., 2010b). In contrast, pollen tubes of
Arabidopsis double mutants deficient in the type A PI4P 5-kinases,
AtPIP5K10 and AtPIP5K11, exhibited increased sensitivity to the
actin polymerization inhibitor, latrunculin B,while overexpression
of these enzymes in tobacco pollen tubes resulted in aggregation
of the apical actin fine structure and a tip-swelling phenotype
(Ischebeck et al., 2011). When reviewing these previous data, a
number of key points must be highlighted: (i) the manifesta-
tion of secretion phenotypes upon overexpression of AtPIP5K4
or AtPIP5K5 was not accompanied by notable changes in the actin
cytoskeleton or by tip swelling (Ischebeck et al., 2008); (ii) overex-
pression of AtPIP5K10 or AtPIP5K11 did not result in increased
deposition of pectin or the manifestation of secretion phenotypes
(Ischebeck et al., 2011); and (iii) coexpressed AtPIP5K5:CFP and
AtPIP5K11:EYFP exhibited localization patterns in growing and
non-growing pollen tubes, that suggest discrete modes of recruit-
ment to the plasma membrane (Ischebeck et al., 2011). The notion
that PI4P 5-kinases must be recruited to the correct place in the
membrane to enable functionality is supported by the previous
finding that defects in root hair growth in an Arabidopsis mutant
lacking the root-expressed PI4P 5-kinase, AtPIP5K3, were not
complemented by a catalytically active but mistargeted truncated
variant of AtPIP5K3 (Kusano et al., 2008; Stenzel et al., 2008).

Based on the available information it was the working hypoth-
esis of this study that the different physiological effects of PI4P
5-kinases in pollen tubes were a consequence of alternative recruit-
ment of the respective enzymes to different microdomains within
the plasma membrane. Therefore, it was one goal of this study
to define protein domains of different plant PI4P 5-kinases that
are required for correct localization and membrane association in
pollen tubes. The PI4P 5-kinases investigated in this study are all
members of the subfamily B of PI4P 5-kinases and are character-
ized by a highly conserved pattern of protein domains (Mueller-
Roeber and Pical, 2002). A short N-terminal domain (NT) is
followed by the membrane occupation and recognition nexus
(MORN) domain that contains multiple MORN-repeats. MORN-
repeats are present in a number of proteins of animal or plant
origin that are involved in mediating protein-membrane contacts,
such as the Arabidopsis ARC3 protein involved in plastidial fission
(Shimada et al., 2004; Maple et al., 2007), the Toxoplasma gondii
protein, MORN1, involved in cell-division (Gubbels et al., 2006),
or junctophilins, which mediate endomembrane-to-plasma mem-
brane attachment in mammalian cells (Takeshima et al., 2000).
The PIP5K1 protein from Arabidopsis has been reported to display
enhanced activity upon deletion of its MORN domain, indicat-
ing an autoinhibitory function for the MORN domain of PI4P
5-kinases (Im et al., 2007). It has also been speculated that the

MORN domain of PI4P 5-kinases might exert its regulatory effects
on catalytic activity of the enzymes through interactions with the
lipid environment of substrate membranes (Im et al., 2007). Both
the NT and MORN domains are specific for the PI4P 5-kinase iso-
forms of the subfamily B, whereas all other domains discussed here
are also present in isoforms of subfamily A, which more closely
resemble PI4P 5-kinases of mammalian origin (Mueller-Roeber
and Pical, 2002). The NT and MORN domains are joined to the
rest of the protein by a linker (Lin) region, which is not con-
served in sequence and to which, therefore, no particular in vivo
functionality has been attributed to date. Based on the crystal
structure of the related human HsPIPKIIβ, PI4P 5-kinases are
thought to be dimers, and a dimerization (Dim) domain repre-
sents the postulated interface between the monomers (Rao et al.,
1998). The catalytic (Cat) domain is highly conserved between
PI4P 5-kinases, with the exception of a variable insert region close
to the C-terminal end of the protein. The Cat domain also con-
tains a feature termed the activation loop (AL; Mueller-Roeber
and Pical, 2002), which has been demonstrated to be important in
defining substrate specificity (Kunz et al., 2000, 2002).

It is a working hypothesis of this study that PI4P 5-kinases are
recruited to their target membranes by specific protein–protein
interactions. In this context it is relevant that interactions of
AtPIP5K2 with other proteins have previously been demonstrated
(Camacho et al., 2009). Specifically, it was shown that interaction
of the MORN-repeat domain of PIP5K2 with small GTPases of the
RabE family mediates recruitment of the enzyme and may stimu-
late temporally or spatially localized production of PtdIns(4,5)P2

at the plasma membrane (Camacho et al., 2009). An interaction
of AtPIP5K9 with cytosolic invertases has also previously been
reported (Lou et al., 2007). Considering the assumption that dif-
ferent PI4P 5-kinases are recruited to distinct sites of action by
specific protein–protein interactions, it follows that likely none of
the highly conserved domains of PI4P 5-kinases will be involved
in mediating such differential recruitment. Instead, it was a work-
ing hypothesis of this work that non-conserved domains might
be important for the specificity of protein–protein interactions.
In brief, we show that the Arabidopsis type B PI4P 5-kinase,
AtPIP5K2, exerts different effects on pollen tube growth than
other type B enzymes, enabling the comparison of type B PI4P
5-kinases with distinct functionality. The dissimilar Lin domains
of three type B PI4P 5-kinases, Arabidopsis AtPIP5K5, the newly
isolated tobacco enzyme NtPIP5K6-1 and Arabidopsis AtPIP5K2,
are identified as essential for correct membrane association and
for physiological functionality of the enzymes in tobacco pollen
tubes. The exchange of Lin domains between NtPIP5K6-1 and
AtPIP5K2 resulted in reciprocally changed functionality of the
chimeric enzymes, demonstrating that the Lin domains contribute
to the specific membrane recruitment of PI4P 5-kinases.

RESULTS
PECTIN SECRETION-PHENOTYPES AND TIP SWELLING UPON
OVEREXPRESSION OF DIFFERENT TYPE B PI4P 5-KINASES
In order to document different regulatory effects of N-terminal
domains on the in vivo functionality of PI4P 5-kinases, pollen-
expressed PI4P 5-kinases of subfamily B (Figure 1A) were analyzed
for effects their overexpression exerted on pollen tube growth.
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FIGURE 1 | Phylogenetic tree of plant PI4P 5-kinases and effects of PI4P

5-kinase overexpression on the morphology of tobacco pollen tubes.

(A) Maximum likelihood (ML) tree created with the full-length protein
sequences of A. thaliana PI4P 5-kinases and N. tabacum PIP6K6-1. Values
on nodes represent% ML bootstrap support. Association of isoforms with
PI4P 5-kinase subfamilies A and B according to Mueller-Roeber and Pical
(2002), as indicated. (B–F) Selected PI4P 5-kinases of subfamily B were
overexpressed in tobacco pollen tubes and the effects on growth were
monitored. (B,C) Pollen tube branching (B) and protoplast trapping (C) upon
expression of AtPIP5K5; (D, E) Pollen tube branching (D) and protoplast
trapping (E) upon expression of NtPIP5K6-1; (F) Tip swelling upon
expression of AtPIP5K2. Images are representative for ≥300 transgenic
pollen tubes observed. Bars, 50 μm.

Besides the previously reported Arabidopsis AtPIP5K5 (Ischebeck
et al., 2008; Sousa et al., 2008), the newly identified tobacco
PI4P 5-kinase NtPIP5K6-1 was tested. A cDNA clone encoding
this new PI4P 5-kinase was isolated from a tobacco pollen tube-
specific cDNA library generously provided by Prof. Dr. Benedikt
Kost (Friedrich-Alexander-University Erlangen–Nürnberg, Ger-
many) and termed NtPIP5K6-1 in analogy to its closest Arabidopsis
homolog, AtPIP5K6 (Figure 1A). Also included in further analy-
ses was Arabidopsis AtPIP5K2, which is ubiquitously expressed in
the plant and shows strong expression also in pollen according to
Genevestigator analysis (Zimmermann et al., 2004). Overexpres-
sion of AtPIP5K5:EYFP and NtPIP5K6-1:EYFP in tobacco pollen
tubes resulted in secretion phenotypes (Figures 1B–E) previously

reported for type B PI4P 5-kinases (Ischebeck et al., 2008, 2010b;
Sousa et al., 2008; Zhao et al., 2010). In contrast, overexpression of
AtPIP5K2:EYFP resulted in severe tip swelling of the pollen tubes
(Figure 1F), similar to that previously reported for overexpression
of the type A PI4P 5-kinases,AtPIP5K10, or AtPIP5K11 (Ischebeck
et al., 2011). In this context, please note that it has previously
been proposed that besides the two PI4P 5-kinases of subfamily A,
AtPIP5K10 and AtPIP5K11, at least one additional isoform of sub-
family B must perform a similar role in pollen tubes (Ischebeck
et al., 2011). The data presented indicate that AtPIP5K2 repre-
sents a candidate for this function. The observation of different
phenotypes upon overexpression of AtPIP5K5 or NtPIP5K6-1 vs.
AtPIP5K2 indicates that even PI4P 5-kinases with similar domain
structures can perform different physiological roles. In subsequent
experiments, the N-terminal domains of AtPIP5K5, NtPIP5K6-1,
and AtPIP5K2 were investigated.

THE Lin DOMAIN IS REQUIRED FOR CORRECT SUBCELLULAR
LOCALIZATION OF AtPIP5K5, NtPIP5K6-1, OR AtPIP5K2
First, experiments were initiated to determine whether an
N-terminal domain is required for correct membrane asso-
ciation of selected PI4P 5-kinases of subfamily B. N-
terminal domains were successively deleted and fluorescence-
tagged truncated variants of AtPIP5K5, NtPIP5K6-1, or
AtPIP5K2 were expressed at low levels in tobacco pollen
tubes (Figure 2). The exact truncations were as fol-
lows: AtPIP5K5ΔNT–MORN, AtPIP5K5253–772; AtPIP5K5ΔNT–
MORN–Lin, AtPIP5K5370–772; NtPIP5K6-1ΔNT–MORN, NtPIP
5K6-1241–775; NtPIP5K6-1ΔNT–MORN–Lin, NtPIP5K6-1366–775;
AtPIP5K2ΔNT–MORN, AtPIP5K2260–754; AtPIP5K2ΔNT–MO
RN–Lin, AtPIP5K2344–754. The domain structures of the trun-
cated variants are depicted in Figure 2A. Full-length AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 displayed plasma membrane asso-
ciation that was restricted to the apical plasma membrane
PtdIns(4,5)P2-microdomain of pollen tubes (Figures 2B,E,H), as
previously reported for AtPIP5K5 (Ischebeck et al., 2008; Sousa
et al., 2008). The deletion of the NT-domain alone (not shown)
or the combined NT and MORN domains (Figures 2C,F,I)
did not result in altered localization of the fusion proteins;
however, all three enzymes exhibited altered localization pat-
terns when the truncations made included deletion of the Lin
domain (Figures 2D,G,J). For AtPIP5K5 and NtPIP5K6-1 the
deletion of N-terminal domains including the Lin domain resulted
in a loss of membrane association and cytosolic localization
(Figures 2D,G). The corresponding AtPIP5K2ΔNT–MORN–Lin
still associated with the plasma membrane; however, the associa-
tion pattern was more relaxed than that of the full-length enzyme
and the localization of the truncated fusion protein basolater-
ally exceeded that of the apical plasma membrane microdomain
(compare Figures 2H,J). The data define the Lin domains of
AtPIP5K5, NtPIP5K6-1, and AtPIP5K2 as key factors directing
correct membrane association.

DELETION OF N-TERMINAL DOMAINS DOES NOT IMPAIR CATALYTIC
ACTIVITY OF AtPIP5K5, NtPIP5K6-1, OR AtPIP5K2
In order to determine whether the deletions of N-terminal
domains of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 had detrimental
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FIGURE 2 |The Lin domain is required for correct localization of

AtPIP5K5, NtPIP5K6-1, and AtPIP5K2. The PI4P 5-kinases AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 belong to subfamily B and share the same
domain structure. N-terminal domains of AtPIP5K5, NtPIP5K6-1, and
AtPIP5K2 were systematically deleted, the truncated variants fused to
EYFP-tags, the fusion proteins expressed in tobacco pollen tubes, and the
fluorescence distribution was monitored. (A) Graphical representation of
the domain structure of full-length AtPIP5K5, NtPIP5K6-1, or AtPIP5K2. NT,
N-terminal domain; MORN, MORN domain; Lin, linker domain; Dim,
dimerization domain; Cat, catalytic domain; AL, activation loop; EYFP,
fluorescence-tag. ΔNT–MORN, graphical representation of the ΔNT–MORN
truncations; ΔNT–MORN–Lin, graphical representation of the
ΔNT–MORN–Lin truncations. (B–D) Subcellular distribution of AtPIP5K5
(B), AtPIP5K5ΔNT–MORN (C), and AtPIP5K5ΔNT–MORN–Lin (D). (E–G)

Subcellular distribution of NtPIP5K6-1 (E), NtPIP5K6-1ΔNT–MORN (F), and
NtPIP5K6-1ΔNT–MORN–Lin (G). (H–J) Subcellular distribution of AtPIP5K2
(H), AtPIP5K2ΔNT–MORN (I), and AtPIP5K2ΔNT–MORN–Lin (J). Images
are representative for ≥300 transgenic pollen tubes observed. Bars, 10 μm.

effects on catalytic activity of the enzymes, the truncated vari-
ants were expressed in E. coli and the recombinant proteins
tested in vitro (Figure 3). The data indicate that the N-terminal
deletions did not impair catalytic activity against the substrate
lipid, PtdIns4P, and even increased the activity of the enzymes

FIGURE 3 | Deletion of N-terminal domains does not impair in vitro
catalytic activity of recombinant truncated variants of AtPIP5K5,

NtPIP5K6-1, or AtPIP5K2. PI4P 5-kinase variants used for localization
experiments or to determine physiological effects on pollen tube growth
were heterologously expressed in E. coli as fusions to N-terminal
maltose-binding protein (MBP)-tags. AtPIP5K5, NtPIP5K6-1, AtPIP5K2, and
the respective ΔNT–MORN and ΔNT–MORN–Lin truncations were included
as well as the catalytically inactive variants, AtPIP5K5 K497A, NtPIP5K6-1
Y759N, and AtPIP5K2 K470A. The recombinant proteins were tested in vitro
for catalytic activity against PtdIns4P. MBP was used as a negative control.
Protein amounts were adjusted using immunodetection (not shown). (A)

AtPIP5K5 and derived proteins; (B) NtPIP5K6-1 and derived proteins; (C)

AtPIP5K2 and derived proteins. Data are means ± SD from three
independent experiments. n.d., Not detected.

(Figure 3). Maltose-binding protein (MBP) was used as a neg-
ative control. Furthermore, recombinant proteins carrying point
mutations, PIP5K5 K497A, PIP5K6-1 Y759N, and PIP5K2 K470A,
were generated to be used in further experiments. For AtPIP5K2
and AtPIP5K5 the point mutations targeted a conserved K in the
ATP-binding site as was previously reported (Ishihara et al., 1998),
rendering the recombinant mutant enzymes inactive. Because the
equivalent exchange in NtPIP5K6-1 did not yield an inactive
enzyme, we selected another site based on an analysis of the point
mutation in a Neurospora crassa PIPK (Mss4) mutant (Seiler and
Plamann, 2003). In the N. crassa mutant a conserved tyrosine close
to the substrate-binding site of the enzyme,as determined based on
the 3D-structure of the human HsPIPKIIβ (Rao et al., 1998), was
altered; an exchange of the corresponding tyrosine of NtPIP5K6-
1 (Y759A) rendered the tobacco enzyme inactive. PIP5K5 K497A,
PIP5K6-1 Y759N, and PIP5K2 K470A were all found to be reduced
in catalytic activity below the limit of detection (Figure 3). While
the in vitro characterization demonstrated the catalytic capabili-
ties under artificial conditions, it must be noted that the behavior
of the enzymes in planta may deviate from the results obtained by
in vitro tests.

THE Lin DOMAIN AND CATALYTIC ACTIVITY ARE REQUIRED FOR THE
MANIFESTATION OF OVEREXPRESSION PHENOTYPES IN POLLEN
TUBES
Next, the capability of the truncated variants of AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 to influence pollen tube morphology
(cf. Figure 1) was tested. Upon overexpression of full-length
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FIGURE 4 | Deletion of N-terminal domains abolishes effects of

truncated variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 on pollen tube

growth. The effects of overexpression of truncated variants of AtPIP5K5,
NtPIP5K6-1, or AtPIP5K2 on pollen tube growth were analyzed (gray bars,
as indicated). Phenotypes were categorized as normal, as secretion
phenotypes (wavy growth, tip branching and protoplast trapping), or as tip
swelling. Full-length enzymes (black bars) and catalytically inactive variants
(white bars) were used as controls. (A) AtPIP5K5 and derived proteins; (B)

NtPIP5K6-1 and derived proteins; (C) AtPIP5K2 and derived proteins. Data
are means ± SD from four independent transformation experiments and
represent ≥300 transgenic pollen tubes observed for each construct. n.d.,
Not detected. The asterisks indicate a significant difference from the
full-length control within each category according to a Student’s t test
(**p < 0.01).

AtPIP5K5 or NtPIP5K6-1 at moderate to strong levels, pectin
secretion phenotypes were observed (Figures 4A,B black
bars), including tip branching and protoplast trapping (cf.
Figures 1B–E), as has previously been reported for AtPIP5K5
(Ischebeck et al., 2008; Sousa et al., 2008). Approximately 25–30%
of transformed pollen tubes exhibiting low fluorescence inten-
sity did not exhibit altered growth, and only very few pollen

tubes (<1%) displayed moderate tip swelling. Deletion of the NT
and MORN domains of AtPIP5K5 or NtPIP5K6-1 did not sig-
nificantly alter the phenotypic distribution in the overexpression
experiments (Figures 4A,B, dark gray bars). When truncated
variants of AtPIP5K5 or NtPIP5K6-1 were overexpressed, in
which additionally the Lin domain was deleted, a substantial shift
toward more morphologically unaltered pollen tubes was observed
(Figures 4A,B, light gray bars) concomitant with fewer pollen
tubes exhibiting secretion phenotypes. No altered pollen tubes
were observed upon overexpression of the catalytically inactive
variants AtPIP5K5 K497A or NtPIP5K6-1 Y759N (Figures 4A,B,
white bars).

Even though overexpression of AtPIP5K2 in tobacco pollen
tubes resulted in a different phenotype (tip swelling, cf. Figure 1),
the effects of successively deleting N-terminal domains on the
swelling phenotype were similar to those observed with AtPIP5K5
or NtPIP5K6-1 and their associated secretion phenotype. Upon
expression of full-length AtPIP5K2 around 20% of transformed
pollen tubes exhibiting low expression levels did not display altered
growth. Furthermore, only very few pollen tubes (<1%) displayed
moderate secretion phenotypes (Figure 4C, black bars). Overex-
pression of AtPIP5K2ΔNT–MORN resulted in an only mildly
altered phenotypic distribution (Figure 4C, dark gray bars). In
contrast, a pronounced effect on the phenotypic distribution was
observed when AtPIP5K2ΔNT–MORN–Lin was overexpressed,
resulting in a substantial increase in the proportion of normal
growing pollen tubes, concomitant with a decrease in the fraction
of altered pollen tubes (Figures 4B,C, light gray bars). No altered
pollen tubes were observed upon overexpression of the catalyti-
cally inactive AtPIP5K2 K470A (Figure 4C, white bars). The data
indicate that despite of their dissimilar primary sequences the Lin
domains of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2 are required
for the functionality of the enzymes, as indicated by the incidence
of the respective pollen tube overexpression phenotypes.

In order to rule out that the different effects of the various trun-
cations were a consequence of variable expression levels of the
fluorescent proteins, the distribution of fluorescence intensities
was scored individually for each set of experiments as previously
described (Ischebeck et al., 2010b). The fluorescence distribu-
tion patterns (Figure 5) indicate that the reduced incidence of
phenotypes observed upon expression of truncated variants of
AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 (Figure 4) was not due to
reduced expression levels of these fusion proteins (Figure 5). Quite
contrary, the data indicate that PI4P 5-kinase variants that did not
cause altered pollen tube growth upon overexpression (Figure 4)
were tolerated by the cells at equal or even higher levels than
variants exerting effects on growth (Figure 5).

THE Lin DOMAIN IS NOT CONSERVED IN SEQUENCE BETWEEN PI4P
5-KINASE ISOFORMS, BUT FUNCTIONALLY CORRESPONDING
DOMAINS SHARE SIMILARITIES IN SECONDARY STRUCTURE
The Lin domain of type B PI4P 5-kinases is poorly conserved in
sequence (Figure 6A) and therefore can only be recognized based
on its position between the MORN and Dim domains. Computer-
aided sequence analysis of the Lin-domains using blastp1 or

1http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE = Proteins

www.frontiersin.org January 2012 | Volume 2 | Article 114 | 101

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE\protect \kern +.1667em\relax $=$\protect \kern +.1667em\relax Proteins
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Stenzel et al. Variable PI4P 5-kinase-domains mediate PtdIns(4,5)P2-channeling

FIGURE 5 | Similar fluorescence intensity patterns upon

overexpression of truncated variants of AtPIP5K5, NtPIP5K6-1, or

AtPIP5K2 in pollen tubes. The fluorescence intensities during
overexpression of truncated variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2
on pollen tube growth were determined (gray bars, as indicated).
Fluorescence intensities were also scored for full-length controls (black
bars) and catalytically inactive variants (white bars). (A), AtPIP5K5 and
derived proteins; (B), NtPIP5K6-1 and derived proteins; (C), AtPIP5K2 and
derived proteins. Data are means ± SD from four independent
transformation experiments and represent ≥300 transgenic pollen tubes
observed for each construct. n.d., Not detected.

psiblast2 did not reveal similarity to known sequences. While
the dissimilarity of sequences between Lin domains of differ-
ent PI4P 5-kinase isoforms escapes the definition of a protein
“domain,” the presence of non-conserved sequence stretches pro-
vides PI4P 5-kinase isoforms with the capability to selectively
interact with distinct partners. Despite their limited similarity in
primary sequence, Lin domains serving equivalent functions, such
as those of AtPIP5K5 and NtPIP5K6-1, display similar secondary
structures that differ from that of the Lin domain of AtPIP5K2
(Figure 6B), which directs the enzyme toward other contexts (cf.
Figures 4 and 7). Based on the data so far, it appears possible

2http://www.ebi.ac.uk/Tools/sss/psiblast/

that certain secondary structures of Lin domains are recognized
by partner proteins involved in specific membrane recruitment of
PI4P 5-kinases.

EXCHANGING THE Lin DOMAINS BETWEEN AtPIP5K2 AND NtPIP5K6-1
RESULTS IN RECIPROCAL GAIN OF THE CAPABILITY TO INDUCE
SECRETION-PHENOTYPES OR TIP-SWELLING
Based on the results so far, we speculated whether the Lin
domains were sufficient to determine physiological functional-
ity of PI4P 5-kinases of subfamily B. To test this hypothesis,
two PI4P 5-kinases, NtPIP5K6-1 and AtPIP5K2 were chosen,
which in previous experiments had exerted clear and different
effects on pollen tube growth, and their Lin domains were rec-
iprocally exchanged (Figures 7A,D). The domain structures of
the chimeric proteins are depicted in Figure 7. The resulting
chimeric enzymes were overexpressed in tobacco pollen tubes
and the incidence of secretion vs. tip swelling phenotypes was
scored (Figures 7B,E). When full-length NtPIP5K6-1 was overex-
pressed in tobacco pollen tubes, a typical phenotypic distribution
was observed (cf. Figure 4B) with a large proportion of secre-
tion phenotypes and close to no tip swelling (Figure 7B, black
bars). In contrast, when the chimeric NtPIP5K6-1 containing the
Lin domain of AtPIP5K2 (termed NtPIP5K6-1_LinAtPIP5K2) was
overexpressed, a reduced proportion of pollen tubes displaying
secretion phenotypes was observed concomitant with an increased
proportion of cells exhibiting tip swelling (Figure 7B, gray bars).
The difference in phenotypic effects was not due to variations in
expression levels between the two fusion proteins (Figure 7C).
Reciprocally, overexpression of the chimeric AtPIP5K2 containing
the Lin domain of NtPIP5K6-1 (termed AtPIP5K2_LinNtPIP5K6-
1) resulted in a reduced incidence of cells displaying tip swelling
concurrent with the appearance of a substantial fraction of cells
exhibiting secretion phenotypes (Figure 7E, gray bars). When
full-length AtPIP5K2 was overexpressed as a control, a typical
distribution of phenotypes was recorded (cf. Figure 4C) with
close to no secretion phenotypes and a large proportion of cells
exhibiting tip swelling (Figure 7E, black bars). Again, the differ-
ence in phenotypic effects was not due to variations in expression
levels for the two fusion proteins (Figure 7F). The chimeric pro-
teins NtPIP5K6-1_LinAtPIP5K2 and AtPIP5K2_LinNtPIP5K6-1
both localized correctly in tobacco pollen tubes (Figure 8) and
the localization patterns were indistinguishable from those of
their respective parental enzymes (cf. Figure 2). The data indi-
cate that the exchange of Lin domains between NtPIP5K6-1 and
AtPIP5K2 resulted in a reciprocal change in physiological func-
tionality in vivo. The exchange of no other domains was needed for
the effects observed, highlighting an important contribution of the
Lin domains in specifying the signaling context of PI4P 5-kinases.

FUNCTIONAL SPECIFICATION OF PIP5K2 CORRELATES WITH
INCREASED RATE OF MUTATION IN DNA-REGIONS ENCODING THE
PIP5K2-LIN-DOMAIN
The observation that AtPIP5K2 exerted pollen tube overexpression
effects different from those of AtPIP5K5 or NtPIP5K6-1 (Figure 1)
indicates that AtPIP5K2 might have functionally diverged from
other type B PI4P 5-kinases of Arabidopsis. As the Lin-domain of
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FIGURE 6 |The Lin domain is not conserved in sequence between PI4P

5-kinase isoforms, but functionally corresponding domains share

similarities in secondary structure. Lin domains of PI4P 5-kinases lack
common sequence motifs and are defined by their position between the
N-terminal MORN domain and the Dim and catalytic domains. (A) Local

alignment of relevant parts of plant PI4P 5-kinases of subfamily B. Black,
identical amino acids; gray, similar amino acids. The positions of MORN
domain, Lin domain and Dim domain are indicated. (B), Secondary structure
prediction for the Lin domains of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2. H,
α-helix; E, β-sheet.
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FIGURE 7 | Exchanging the Lin domains between AtPIP5K2 and

NtPIP5K6-1 results in reciprocal gain of the capability to induce

secretion-phenotypes or tip-swelling. The Lin domains of AtPIP5K2 and
NtPIP5K6-1 were exchanged between the enzymes, yielding the chimeric
proteins NtPIP5K6-1_LinAtPIP5K2 and AtPIP5K2_LinNtPIP5K6-1. The chimeric
enzymes were overexpressed in tobacco pollen tubes as fusions to
C-terminal EYFP-tags and the effects on pollen tube growth were monitored.
The fluorescence intensity distributions of the expressed proteins were
recorded as controls. (A–C), NtPIP5K6-1_LinAtPIP5K2. (A), Graphical
representation of the chimeric fusion protein NtPIP5K6-1_LinAtPIP5K2; (B),
Incidence of phenotypic categories observed upon overexpression of
NtPIP5K6-1 (black bars) or NtPIP5K6-1_LinAtPIP5K2 (gray bars); (C),

Fluorescence intensity distribution corresponding to overexpression of
NtPIP5K6-1 (black bars) or NtPIP5K6-1_LinAtPIP5K2 (gray bars) shown in (B).
(D), Graphical representation of the chimeric fusion protein
AtPIP5K2_LinNtPIP5K6-1; (E), Incidence of phenotypic categories observed
upon overexpression of AtPIP5K2 (black bars) or AtPIP5K2_LinNtPIP5K6-1
(gray bars); (F), Fluorescence intensity distribution corresponding to
overexpression of AtPIP5K2 (black bars) or AtPIP5K2_LinNtPIP5K6-1 (gray
bars) shown in (E). Data are means ± SD from four independent
transformation experiments and represent ≥300 transgenic pollen tubes
observed for each construct. n.d., Not detected. The asterisks indicate a
significant difference from the full-length control within each category
according to a Student’s t test (*p < 0.05; **p < 0.01).

AtPIP5K2 differs structurally from those of other type B PI4P 5-
kinases (Figure 6) and the alternative functionality could partially
be transferred by exchanging Lin-domains between PI4P 5-kinases
(Figure 7), sequence divergence within the Lin-domains in type B
PI4P 5-kinases was investigated in more detail. We assessed the rate

of sequence evolution across the coding sequence of AtPIP5K1-9
by comparing the A. thaliana sequence to orthologous sequences
from its completely sequenced sister species A. lyrata. Figure 9
represents a sliding window analysis depicting the ratio of the
number of non-synonymous substitutions per non-synonymous
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FIGURE 8 | Localization of the chimeric proteins,

NtPIP5K6-1_LinAtPIP5K2-EYFP and AtPIP5K2_LinNtPIP5K6-1-EYFP in

tobacco pollen tubes. The chimeric enzymes were overexpressed in
tobacco pollen tubes as fusions to C-terminal EYFP-tags and the
fluorescence distribution was monitored. (A), NtPIP5K6-1_
LinAtPIP5K2-EYFP; (B), AtPIP5K2_LinNtPIP5K6-1-EYFP. Images are taken
from experiments shown in Figure 7 and are representative for ≥300
transgenic pollen tubes observed for each construct. Bars, 10 μm.

site (K A) to the number of synonymous substitutions per synony-
mous site (K S). The K A/K S ratio is generally used as an indicator
of selective pressure acting on a protein-coding gene. By suc-
cessively performing the analysis for an entire coding sequence
(“sliding window”-analysis), it is possible to assign regions of
increased K A/K S ratios, thereby identifying regions undergoing
increased rates of mutation at non-synonymous sites (i.e., positive
selection). The analysis identifies numerous insignificant peaks
of K A/K S ratios (<1) for all variable regions of PI4P 5-kinases,
including sequence stretches encoding the NT-domains, the Lin-
domains, and the variable inserts in the catalytic domains. The
highest K A/K S ratios (>2) were observed for DNA-regions encod-
ing the NT- and Lin-domains of AtPIP5K2, indicating a high rate
of mutations accumulating in these domains. The observation of
high K A/K S ratios (>1) and therefore signatures of positive or
directional selection predominantly in AtPIP5K2 correlates well
with the notion of an evolving new functionality of AtPIP5K2
arising from an altered Lin-domain and – possibly – an ensuing
altered means of membrane recruitment.

DISCUSSION
In the present study it was tested whether certain protein domains
would direct PI4P 5-kinase isoforms into potentially different
regulatory contexts underlying characteristic pollen tube over-
expression phenotypes. In order to systematically compare the
functionality of domains of candidate proteins, the domain struc-
tures of the candidates must be similar. Different functionality
of pollen-expressed PI4P 5-kinase isoforms reported previously
(Ischebeck et al., 2008, 2011; Sousa et al., 2008; Zhao et al., 2010)
had been attributed to enzymes representing the subfamilies A

FIGURE 9 | Rate of evolution of Arabidospis thaliana PI4P 5-kinase

sequences according to sliding window analysis of K A/K S ratios

comparing orthologous sequences of A. thaliana and A. lyrata. The rate
of sequence evolution across the coding sequence of AtPIP5K1-9 was
assessed by comparing the A. thaliana sequences to orthologous
sequences from A. lyrata. The sliding window analysis depicts the ratios of
the number of non-synonymous substitutions per non-synonymous site
(K A) to the number of synonymous substitutions per synonymous site (K S).
All plots are drawn to the same scale. Increased K A/K S ratios in sequence
regions of AtPIP5K2 encoding the NT-domain, the Lin-domain and the
variable insert region are annotated in the AtPIP5K2 plot, as indicated. The
pairs of orthologous genes from A. thaliana and A. lyrata used for the
analysis are given in the Section “Materials and Methods.”
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and B of PI4P 5-kinases that differ notably in their domain struc-
ture, precluding a direct comparison of protein domains. How-
ever, from data previously published on the Arabidopsis pip5k10
pip5k11 double mutant it has been proposed that at least one
PI4P 5-kinase of subfamily B would perform similar functions
as the two enzymes of subfamily A (Ischebeck et al., 2011). In the
present study, a corresponding type B enzyme was identified as
AtPIP5K2 (Figure 1F), enabling the comparison of PI4P 5-kinases
of subfamily B, AtPIP5K5, NtPIP5K6-1, and AtPIP5K2, which
have similar domain structures while in part exerting different
regulatory effects in pollen tubes (Figures 1B–F). Following the
previous annotation of protein domains of plant PI4P 5-kinases
(Mueller-Roeber and Pical, 2002), a systematic deletion approach
was pursued to first identify domains involved in membrane asso-
ciation (Figure 2). The data indicate that all truncations in which
the Lin-domain was deleted were cytosolic (Figures 2D,G) or were
altered in the pattern of membrane association (Figure 2J), indi-
cating a role for the Lin-domain in membrane recruitment. In
experiments performed to reciprocally test whether N-terminal
domains of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 would direct a
fluorescent protein to the plasma membrane all fusion proteins
tested localized to the cytosol (data not shown). This observation
might be explained by the notion that other, so far unidentified
regions of the PI4P 5-kinase proteins may be required for cor-
rect membrane recruitment of the enzyme. In this scenario the
Lin-domain appears necessary (Figure 2) but not sufficient for
membrane recruitment. Alternatively, it is possible that in partic-
ular the smaller NT-domains alone might not fold correctly when
expressed as fusions to a fluorescent protein, thereby precluding
correct targeting.

The positive observation that the Lin domains had key influ-
ence on membrane association of all three PI4P 5-kinases tested
was surprising, as not the Lin-domain but rather the MORN
domain has previously been implicated in protein–protein interac-
tions (Camacho et al., 2009) and membrane association (Mueller-
Roeber and Pical, 2002). This apparent conflict might be explained
by the particular N-terminal deletions made to define effects of the
MORN domain in previous experiments, where MORN and Lin
domains were not always clearly distinguished. Based on the data
presented here, the role of the MORN domain in membrane asso-
ciation and regulation of PI4P 5-kinases in pollen tubes remains
unresolved.

Truncated variants of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2
used in this study all exhibited full catalytic activity in vitro
(Figure 3), and therefore, detrimental effects on their in vivo func-
tionality (Figure 4) should be attributed to the interaction with the
correct reaction partners, including the lipid substrate, PtdIns4P,
and/or downstream effectors, which might be regulated in their
functionality by PtdIns(4,5)P2. The increased activity of recombi-
nant PI4P 5-kinases lacking N-terminal domains is consistent with
a previous report attributing autoinhibitory effects to the MORN
repeat domain (Im et al., 2007).

Protein domains are mostly annotated based on their similar-
ity to domains of known function or based on the occurrence
of recognizable sequence motifs in other proteins. With regard
to PI4P 5-kinases, a number of conserved protein domains have
received positive annotations that suggest their involvement in

certain processes, such as the MORN domain, which has been
proposed to be involved in membrane association as well as the
regulation of activity and enzyme–lipid-interactions, or the cat-
alytic domain, which forms the catalytic center of the enzyme
(Mueller-Roeber and Pical, 2002). In contrast, the Lin domain so
far has not received positive functional assignment, being merely
termed a linker between other domains of implied greater impor-
tance. Lin domains are characterized by substantial differences in
primary or secondary structure, such as those between the Lin
domains of AtPIP5K5 or NtPIP5K6-1 on one hand and that of
AtPIP5K2 on the other (Figure 6), and it is our hypothesis that the
lack of sequence conservation is the key to understanding the role
of the Lin domain. In particular, dissimilar Lin-domains may pro-
vide a means for specific protein–protein interactions. According
to this concept, alternative recruitment by dissimilar Lin domains
of different PI4P 5-kinases might underlie the different effects PI4P
5-kinases, such as NtPIP5K6-1 or AtPIP5K2 exert in pollen tubes
(Figures 1B–F). This notion is supported by the domain swapping
experiments (Figure 7), in which the Lin domain of AtPIP5K2 was
introduced into NtPIP5K6-1 together with the capability to induce
tip swelling, whereas, reciprocally, the Lin domain of NtPIP5K6-1
introduced into AtPIP5K2 conferred the capability to induce secre-
tion phenotypes. Protein–protein interactions of PI4P 5-kinases
may be transient and may reflect dynamic changes in signaling
metabolism. For instance, it has been reported that AtPIP5K2
interacts with small GTPases of the RabE family via its MORN
domain and this interaction has been shown to affect localization
in leaf epidermal cells (Camacho et al., 2009). In contrast, here we
show full functionality of AtPIP5K2ΔNT–MORN in the overex-
pression setting, suggesting that the situation for cell types other
than leaf epidermal cells may be different and the same enzyme
may interact with other partners in pollen tubes. It is our cur-
rent understanding that AtPIP5K2 is a multifunctional enzyme,
such as the PI4P 5-kinases of Saccharomyces cerevisiae or N. crassa,
that are recruited into different contexts by interacting with dif-
ferent partner proteins. Similar to plant PI4P 5-kinases, the yeast
and N. crassa enzymes have evolved to contain additional regula-
tory domains at the N-terminus, or both at the N- and C-termini,
respectively (Ischebeck et al., 2010a).

An interesting consequence of the proposed multifunctionality
of AtPIP5K2 is the observation of altered overexpression effects
upon deletion of N-terminal domains. N-terminal truncation of
AtPIP5K2 resulted not only in an altered pattern of membrane
association of AtPIP5K2ΔNT–MORN–Lin (Figure 2J), but upon
overexpression also caused the appearance of secretion pheno-
types only rarely (<1%) observed upon overexpression of full-
length AtPIP5K2 (Figure 4C). A possible explanation is an inher-
ent bifunctionality of AtPIP5K2 and the capability to alternatively
act in the signaling context related to secretion phenotypes as well
as in that related to tip swelling. Considering the hypothesis that
specific protein–protein interactions are mediating the recruit-
ment of PI4P 5-kinases into their correct signaling context, the
Lin domain of AtPIP5K2 might be responsible for the associa-
tion with factors controlling the cytoskeleton, whereas another, so
far undefined domain would be responsible for the association of
AtPIP5K2 with factors mediating the secretion phenotypes. Under
the conditions used, the affinity of the Lin domain to its partners
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might be greater than that of possible other relevant domains to
their partners, resulting in recruitment of full-length AtPIP5K2
being predominantly directed by the Lin domain. It follows that
upon deletion of the Lin domain alternative, weaker interactions
of other protein domains of AtPIP5K2 with other partners are
enabled (Figure 4C). This concept is supported by the observation
that pollen-expressed AtPIP5K2ΔNT–MORN–Lin was altered in
the pattern of membrane association, but remained at the plasma
membrane, suggesting that other domains than the Lin domain
also contributed to the membrane association of AtPIP5K2. Fur-
thermore, when Lin domains were swapped between AtPIP5K2
and NtPIP5K6-1, the resulting chimeric enzymes retained a sub-
stantial potential to exert the phenotypes caused by their respective
parental enzymes (Figure 7), suggesting that the Lin domain is one,
but not the only one, factor determining enzyme functionality
in vivo.

From an evolutionary point of view, the accumulation of muta-
tions in the Lin-domain as a protein–protein interaction module
might enable interactions with an altered and expanded range
of target proteins. Both the presence of several PI4P 5-kinase
isoforms and the fact that the Lin-domain is not required for cat-
alytic function of AtPIP5K2 makes the genomic region encoding
this domain likely to accumulate mutations. The sliding windows
analysis performed for orthologs of A. thaliana and A. lyrata
(Figure 9) indicates that the genomic region encoding the Lin-
domain of AtPIP5K2 displays an enhanced probability to accumu-
late mutations causing amino acid changes, much more so than
the corresponding sequences encoding Lin-domains of other iso-
forms (Figure 9). This observation correlates well with the finding
of an expanded functionality of AtPIP5K2 among the type B PI4P
5-kinases of Arabidopsis (Figure 1) and suggests that AtPIP5K2
might be in the process of acquiring altered functionality through
the modulation of the Lin-domain that directs the enzyme into a
new signaling context.

Overall, the data presented in this study demonstrate that the
Lin domains are necessary for correct localization of PI4P 5-
kinases and, therefore, are an important determinant of alternative
in vivo functionality of the enzymes with regard to the control of
pectin secretion or the actin cytoskeleton. Future experiments will
be directed toward identifying other protein domains with roles
in directing membrane recruitment of PI4P 5-kinases. The identi-
fication of downstream interaction partners of such domains will
aid our understanding whether and how PtdIns(4,5)P2 might be
channeled toward specific effectors that act in discrete signaling
contexts.

MATERIALS AND METHODS
cDNA CONSTRUCTS
The cDNA sequences of Arabidopsis PI4P 5-kinase genes AtPIP5K2
and AtPIP5K5 were amplified from cDNA prepared from young
Arabidopsis inflorescences using the following primer combina-
tions:AtPIP5K2: 5′-GATACATGTTGCGTGAACCGCTTGTTAGC
GAAGAA-3′/5′-GATACATGTCGCCGTCTTCGATGAAGATTCT-
3′;AtPIP5K5: 5′-GATTCATGAGCAAGGACCAAAGCTATGTTCT
AAAAG-3′/5′-GATTCATGACATTGTCATCTGTGAAGACCTTG
A-3′. PCR fragments were subcloned into the vector pGEM-Teasy
(Promega) and sequenced. The resulting plasmids were designated

as AtPIP5K2-pGEM-Teasy and AtPIP5K5-pGEM-Teasy, respec-
tively. The cDNA sequence of NtPIP5K6 was isolated from a
cDNA library of tobacco pollen tubes grown for 3 h cloned in
the vector pGADGH, kindly provided by Prof. Dr. Benedikt Kost
(Friedrich-Alexander-University Erlangen–Nürnberg, Germany).
The library was screened by RT-PCR with degenerated primers
corresponding to conserved regions of the catalytic domain of
Arabidopsis PI4P 5-kinase sequences in combination with vector-
specific primers. The full-length sequence of NtPIP5K6 was ampli-
fied with the primer combination 5′-GGTGGTTTTGTGGAGG
GGAGAAAAGGAAGGG-3′/5′-CCTACTAGCTGGCAGTGAAAA
TCCTGTGTCATG-3′, cloned into the vector pJet1.2/blunt (Fer-
mentas) and sequenced. This plasmid was designated NtPIP5K6-
pJet.

The cDNA fragment for +2-EYFP (encoding EYFP plus two
additional nucleotides) was amplified from a plasmid carrying the
authentic clone provided by Dr. Martin Fulda (Georg-August-
University Göttingen, Germany) using the following primer
combination 5′-GATCGCGGCCGCATGGTGAGCAAGGGCGAG
-3′/5′-GATCGATATCTTACTTGTACAGCTCGTCCATG-3′ and
cloned into the vector pENTR2b (Invitrogen) as a Not I/EcoRV
fragment, creating the plasmid pENTR-+2-EYFP. Prior to lig-
ation, the control of cell death b (ccdb) gene was elimi-
nated from pENTR2b by EcoRI digestion and religation. The
cDNA fragment encoding full-length AtPIP5K5 was moved as
a Not I/Not I fragment from the plasmid AtPIP5K5-pGEM-Teasy
into pENTR-+2-EYFP. cDNA fragments encoding full-length
AtPIP5K2 or full-length NtPIP5K6 were amplified from the
plasmid AtPIP5K2-pGEM-Teasy or NtPIP5K6-pJet using the
primer combinations: AtPIP5K2, 5′-GATCGTCGACATGATGCG
TGAACCGCTTGTTAG-3′ (primer AtPIPK2-Sal_for)/5′-GATCG
CGGCCGCCGCCGTCTTCGATGAAGATTCTGCTGATG-3′ (pr-
imer AtPIPK2-Not_rev); NtPIP5K6,5′-GATCGTCGACATGAGCA
AAGAATTTAGTGGCATTG-3′ (primer NtPIPK6-Sal_for)/5′-G
ATCGCGGCCGCCAGTGTCTTCTGCAAAAACTTTTAATAC-3′
(primer NtPIPK6-Not_rev) and cloned as SalI/Not I fragments
into the vector pENTR-+2-EYFP. cDNA fragments encoding
AtPIP5K2ΔNT–MORN (AtPIP5K2260–754) or AtPIP5K2ΔNT–
MORN–Lin (AtPIP5K2344–754) were amplified from the plasmid
AtPIP5K2-pGEM-Teasy using the following primer combinations:
AtPIP5K2ΔMORN,5-GATCGTCGACATGTTGGGGATTGAGAA
GAATGAGTTGATTG-3′ (primer AtPIPK2ΔMORN_for)/AtPIP
K2-Not_rev;AtPIP5K2ΔLin,5′-GATCGTCGACATGTTGAAGAA
ACCTGGAGAGACGATATCT-3′(primer AtPIPK2ΔLin_for)/AtPI
PK2-Not_rev. cDNA fragments encoding AtPIP5K5ΔNT–
MORN (AtPIP5K5253–772) and AtPIP5K5ΔNT–MORN–Lin
(AtPIP5K5370–772) were amplified from the plasmid AtPIP5K5-
pGEM-Teasy using the following primer combinations: AtPIP5K5
ΔMORN, 5′-GATCGTCGACATGCCGTCAGGAAATGAAGGGA
ATCTTG-3′/5′-GATCGCGGCCGCTATTGTCATCTGTGAAGAC
CTTGAA-3′ (primer AtPIPK5-Not_rev); AtPIP5K5ΔLin, 5′-
GATCGTCGACATGAGGAAGCAAGGGGAGACGATATC-3′/At
PIPK5-Not_rev. cDNA fragments encoding NtPIP5K6ΔNT–
MORN (NtPIP5K6241–775) or NtPIP5K6ΔNT–MORN–Lin (NtPI
P5K6366–775) were amplified from the plasmid NtPIP5K6-pJet
using the following primer combinations: NtPIP5K6ΔMORN, 5′-
GATCGTCGACTCATGAAGCCATCAAGTTCAAGAACAGGTAC
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TTTC-3′ (primer NtPIPK6ΔMORN_for)/NtPIPK6-Not_rev;
NtPIP5K6ΔLin, 5′GATCGTCGACTCATGAAGAAGCCAGGAC
AAACAATATCCAAAG-3′ (primer NtPIPK6ΔLinker_for)/NtPIP
K6-Not_rev. All fragments were cloned as SalI/Not I fragments
into the vector pENTR-+2-EYFP and sequenced. The con-
structs were transferred by Gateway technology (Invitrogen) from
pENTR2b to the pLatGW plasmid,an expression vector containing
the tomato Lat52 promotor (Twell et al., 1990), an attR gate-
way cassette, and a cauliflower mosaic virus 35S terminator. The
pLatGW vector was a gift from Prof. Dr. Wolfgang Dröge-Laser
(Julius–Maximilians-University Würzburg, Germany).

Domain swap constructs between NtPIP5K6 and AtPIP5K2
were generated by overlap extension PCR (Horton et al., 1989).
For the construct encoding NtPIP5K6_LinPIP5K2, cDNA frag-
ments encoding NtPIP5K61–240 or NtPIP5K6366–775 were ampli-
fied with overlapping ends from the plasmid NtPIP5K6-pJet using
the primer combinations: NtPIPK6-Sal_for/5′-CGCAACAATCA
ACTCATTCTTCTCAATCCCATAATAAGTTCCACTTTGCTCTC
TAGAATC-3′and 5′-AAGAATCCTTGTTGTTTCAGCGGTGAGG
CTAAGAAGCCAGGACAAACAATATCCAAAGGG-3′/NtPIPK6-
Not_rev, respectively. The cDNA encoding AtPIP5K2260–343 was
amplified using the primer combination 5′-ATTCTAGAGAGCAA
AGTGGAACTTATTATGGGATTGAGAAGAATGAGTTGATTGTT
GCG-3′/5′-CCCTTTGGATATTGTTTGTCCTGGCTTCTTAGCC
TCACCGCTGAAACAACAAGGATTCTT-3′. The three amplicons
were fused in a subsequent PCR reaction, using the primer
combination NtPIPK6-Sal_for/NtPIPK6-Not_rev and the result-
ing PCR-fragment was cloned as a SalI/Not I fragment into
the vector pENTR-+2-EYFP and sequenced. For the construct
encoding AtPIP5K2_LinNtPIP5K6, cDNA fragments encoding
AtPIP5K21–259 or AtPIP5K2344–754 were amplified from the
plasmid AtPIP5K2-pGEM-Teasy using the primer combinations
AtPIPK2-Sal_for/5′-ATCGAAAGTACCTGTTCTTGAACTTGATG
GATCAAAGAAATTCCTCATGAGATTACTAC-3′and 5′-CAACCA
CATTGCATCAAAATTCAACCAACCAAGAAACCTGGAGAGAC
GATATCTAAAGG-3′/AtPIPK2-Not_rev, respectively. The cDNA
encoding NtPIP5K6241–365 was amplified from the plasmid
NtPIP5K6-pJet using the primer combination 5′-GTAGTAATCT
CATGAGGAATTTCTTTGATCCATCAAGTTCAAGAACAGGTA
CTTTCGAT-3′/5′-CCTTTAGATATCGTCTCTCCAGGTTTCTTG
GTTGGTTGAATTTTGATGCAATGTGGTTG-3′. The fusion-
PCR of the three fragments was done with the primer combination
AtPIPK2-Sal_for/AtPIPK2-Not_rev and the resulting product was
cloned as a SalI/Not I fragment into the vector pENTR-+2-EYFP.
After sequencing the constructs were transferred into the pLatGW
plasmid by Gateway technology.

Constructs for heterologous expression in E. coli were created
by moving the cDNA sequence encoding AtPIP5K2 as a PciI–
PciI fragment from the plasmid AtPIP5K2-pGEM-Teasy into the
NcoI-digested bacterial expression vector pETM-41 (EMBL pro-
tein expression and purification facility). The cDNA sequence
of AtPIP5K5 was released from the plasmid AtPIP5K5-pGEM-
Teasy and moved into pETM-41 as a BspHI/BspHI fragment.
The cDNA sequence of NtPIP5K6 was amplified from the plas-
mid NtPIP5K6-pJet using the primer combination 5′-GATTCATG
AGCAAAGAATTTAGTGGCATTGTGAAGGCCTGGGAG-3′/5′-
GATTCATGACAGTGTCTTCTGCAAAAACTTTTAATACGAAG

TCC-3′(primer NtPIPK6-BspH_rev) and cloned as BspHI/BspHI
fragments into the NcoI site of pETM-41. cDNA fragments
encoding AtPIP5K2260–754 or AtPIP5K2344–754 were amplified
from the plasmid AtPIP5K2-pGEM-Teasy using the following
primer combinations AtPIPK2ΔMORN_for/5′-GATCACATGTC
GCCGTCTTCGATGAAGATTCTGCTGATG-3′(primer AtPIPK2-
Pci_rev) and AtPIPK2ΔLin_for/AtPIPK2-Pci_rev, respectively,
and cloned as PciI/PciI fragments into the NcoI site of
pETM-41. cDNA fragments encoding AtPIP5K5253–772 and
AtPIP5K5370–772 were amplified from the plasmid AtPIP5K5-
pGEM-Teasy using the primer combinations 5′-GATTCATGAAC
CCGTCAGGAAATGAAGGGAATCTTG-3′/5′-GATTCATGACAT
TGTCATCTGTGAAGACCTTGA-3′ (primer AtPIPK5-BspH_rev)
or 5′-GATTCATGAGGAAGCAAGGGGAGACGATATC-3′/AtPIP
K5-BspH_rev, respectively, and cloned as BspHI/BspHI frag-
ments into the NcoI site of pETM-41. cDNA fragments encod-
ing NtPIP5K6241–775 or NtPIP5K6366–775 were amplified from
the plasmid NtPIP5K6-pJet using the primer combinations
NtPIPK6ΔMORN_for/NtPIPK6-BspH_rev or NtPIPK6ΔLinker_
for/NtPIPK6-BspH_rev, respectively, and cloned as BspHI/BspHI
fragments into the NcoI site of pETM-41. All clones were intro-
duced in frame with the cDNA encoding the NT MBP and
polyhistidine (His) tags of pETM-41.

TRANSIENT EXPRESSION IN TOBACCO POLLEN TUBES
Mature pollen was collected from four to six tobacco (Nicotiana
subsuper1cum) flowers of 8-week-old plants. Pollen was resus-
pended in liquid growth medium (Read et al., 1993), filtered onto
cellulose acetate filters, and transferred to Whatman paper moist-
ened with growth medium. Within 5–10 min of harvesting, pollen
was transformed by bombardment with plasmid-coated 1-μm
gold particles with a helium-driven particle accelerator (PDS-
1000/He; Bio-Rad) using 1350 p.s.i. rupture disks and a vacuum of
28′′ of mercury. Gold particles (1.25 mg) were coated with 3–7 μg
of plasmid DNA. After bombardment, pollen was resuspended in
growth medium and grown for 5–14 h in small droplets of media
directly on microscope slides. Digital images were taken at room
temperature as described below.

MICROSCOPY AND IMAGING
Images were recorded using either an Olympus BX51 epifluo-
rescence microscope or a Zeiss LSM 510 confocal microscope.
For BX51, images were obtained at ×200 magnification using an
F41-028 HQFilterset for Yellow GFP (Olympus), an Olympus Col-
orView II camera, and analySIS Docu 3.2 software (Soft Imaging
Systems). For LSM 510, EYFP was excited at 514 nm and imaged
using an HFT 405/514/633-nm major beam splitter (MBS) and a
530- to 600-nm band-pass filter. If not specified otherwise, images
of central optical plains were obtained by confocal microscopy
at ×630 magnification using the Zeiss LSM510 image acquisi-
tion system and software (v 4.0; Zeiss). Fluorescence images were
contrast-enhanced by adjusting brightness and γ-settings using
image processing software (Photoshop; Adobe Systems). Pollen
tube fluorescence intensities were analyzed from digital images
using analySIS Docu 3.2 software (Soft Imaging Systems). For the
analysis of fluorescence intensities pollen tubes were imaged at
identical laser intensities and exposure times.
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HETEROLOGOUS EXPRESSION IN E. coli
Recombinant enzymes were expressed in E. coli strain BL21-
AI (Invitrogen) at 25˚C for 18 h after induction with 1 mM
isopropylthio-b-galactoside and 0.2% (w/v) l-arabinose. Cell
lysates were obtained by sonification in a lysis buffer contain-
ing 50 mM Tris–HCl, 300 mM NaCl, 1 mM EDTA, and 10% (v/v)
glycerol, pH 8.0.

LIPID KINASE ASSAYS
Lipid kinase activity was assayed by monitoring the incorporation
of radiolabel from γ[32P]ATP into defined lipid substrates (Avanti
Polar Lipids) as described (Cho and Boss, 1995) using total extracts
of BL-21-AI expression cultures. Recombinant expression levels
were adjusted between individual cultures according to immun-
odetection of expressed MBP-tagged proteins (data not shown),
allowing for the comparison of enzyme activities obtained with
different cultures. Assays were performed with bacterial crude
extracts; for one assay, 45 μg protein were used. Radiolabeled lipid
reaction products were separated by thin-layer chromatography
using silica S60 plates (Merck) and CHCl3:CH3OH:NH4OH:H2O
(57:50:4:11, v/v/v/v) as a developing solvent (Perera et al., 2005)
and visualized by autoradiography using Kodak X-Omat autoradi-
ography film (Eastman Kodak). Reaction products were identified
according to comigration with authentic standards (Avanti Polar
Lipids) that were visualized as described (König et al., 2007, 2008).

Phosphatidylinositol-bisphosphate bands were scraped from
thin-layer chromatography plates according to autoradiography,
and the radiolabel incorporated in lipids present in the scraped
silica powder was quantified using liquid scintillation counting
(Analyzer Tricarb 1900 TR; Canberra Packard). Enzyme activi-
ties presented in Figure 3 represent the mean of at least three
independent experiments, assayed in duplicates.

PHYLOGENETIC ANALYSES
To construct the phylogenetic tree, AtPIP5K amino acid sequences
were aligned using the MAFFT multiple sequence alignment pro-
gram with the L-INS-i option (Katoh et al., 2005). After manual
editing of the alignment, ProtTest 3.0 was used for selection of the
best-fit model of protein evolution (Abascal et al., 2005). Phyloge-
netic relationships based on amino acid sequences were inferred
from maximum likelihood methods implemented in MEGA 5

(JTT + G + F, 1000 bootstrap replicates) as previously described
(Tamura et al., 2011). The phylogenetic tree was mid-point rooted
and edited with FigTree v1.3.13.

For analysis of K A/K S ratios and sliding window plots, ortholo-
gous A. thaliana and A. lyrata protein sequences were determined
with the PLAZA platform4 (Proost et al., 2009) based on the Best
hit family and Tree-based orthologs criteria. Homologous protein
sequences were aligned using MAFFT with the L-INS-i option
(Katoh et al., 2005). Codon alignments generated with PAL2-NAL
(Suyama et al., 2006) were used to compute divergence levels
(K A/K S ratios) with DnaSP v5 (Librado and Rozas, 2009) and the
sliding window option (window size, 50 bp; step size, 10 bp). The
following pairs of orthologous genes were compared: AtPIP5K1,At
1g1980; AlPIP5K1, Al1g23460; AtPIP5K2, At1g77740; AlPIP5K2,
Al2g26700; AtPIP5K3, At2g26420; AlPIP5K3, Al4g08780; AtPIP5
K4, At3g56960; AlPIP5K4, Al5g27310; AtPIP5K5, At2g41210;
AlPIP5K5, Al4g28160; AtPIP5K6, At3g07960; AlPIP5K6, Al3g084
40; AtPIP5K7, At1g10900; AlPIP5K7, Al1g11060; AtPIP5K8, At
1g60890; AlPIP5K8, Al2g05080; AtPIP5K9, At3g09920; AlPIP5K9,
Al3g00840.

ACCESSION NUMBERS
AtPIP5K2, At1g77740; AtPIP5K5, At2g41210; NtPIP5K6-1,
JQ219669.
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Nuclear localized inositol phospholipids and inositol phosphates are important for regulating
many essential processes in animal and yeast cells such as DNA replication, recombina-
tion, RNA processing, mRNA export and cell cycle progression. An overview of the current
literature indicates the presence of a plant nuclear phosphoinositide (PI) pathway. Inositol
phospholipids, inositol phosphates, and enzymes of the PI pathway have been identified in
plant nuclei and are implicated in DNA replication, chromatin remodeling, stress responses
and hormone signaling. In this review, the potential functions of the nuclear PI pathway in
plants are discussed within the context of the animal and yeast literature. It is anticipated
that future research will help shed light on the functional significance of the nuclear PI
pathway in plants.

Keywords: nucleus, phosphoinositide, inositol phosphate, phosphatidylinositol, plant, signaling, chromatin remod-

eling

INTRODUCTION
The phosphoinositide (PI) pathway, including the inositol phos-
pholipids and inositol phosphates, is an important regulator of
cellular functions in animals and plants (Meijer and Munnik, 2003;
Balla et al., 2009). The PI pathway requires the production of
myo-inositol-3-phosphate (InsP) from glucose 6-phosphate (Glu-
6-P) by myo-inositol phosphate synthase (IPS or MIPS). InsP
can be converted into Ins(1,4,5)P3 by two different routes. In a
lipid-dependent route, inositol monophosphatase (IMP) produces
inositol (Ins) that is converted to phosphatidylinositol (PtdIns) by
phosphatidylinositol synthase (PIS). PtdIns is the first lipid of the
PI pathway. PtdIns can be phosphorylated to phosphatidylinosi-
tol phosphate (PtdIns3P or PtdIns4P and in animals PtdIns5P),
which can be further phosphorylated to phosphatidylinositol bis-
phosphate [PtdIns(3,4)P2, PtdIns(3,5)P2 or PtdIns(4,5)P2], and in
animals, to phosphatidylinositol trisphosphate [PtdIns(3,4,5)P3].
Phospholipase C (PLC) hydrolyzes the lipid PtdIns(4,5)P2 to pro-
duce the second messengers, inositol trisphosphate (InsP3) and
diacylglycerol (DAG). A PtdInsP2 5-phosphatase can decrease
PtdInsP2 and increase PtdIns4P. The alternative lipid independent
route (also known as the inositol phosphate pathway) can use myo-
inositol phosphate (InsP) and inositol phosphate kinases (IPK) to
generate inositol bisphosphate (InsP2) and inositol trisphosphate
(InsP3). Once formed by either the lipid-dependent or indepen-
dent pathways, InsP3 can be converted to higher polyphospho-
rylated inositol phosphates (including InsP4, InsP5, InsP6, InsP7,
and InsP8) by IPKs. A schematic of the PI pathway including the
enzymes and products is shown in Figure 1. For in depth reviews of
the plant PI pathway the reader is directed to: Im et al. (2011), Heil-
mann (2009), Gillaspy (2011), Valluru and Van den Ende (2011).

In animal cells, the nuclear PI pathway is regulated indepen-
dently from the plasma membrane (PM) PI pathway and plays
a critical signaling role in nuclear functions (Irvine, 2003; Bunce

et al., 2006; Di Paolo and De Camilli, 2006; Gonzales and Anderson,
2006;York,2006; Seeds et al., 2007; Barker et al., 2009; Mellman and
Anderson, 2009; Barlow et al., 2010; Monserrate and York, 2010;
Tsui and York, 2010; Keune et al., 2011; Ramazzotti et al., 2011).
It is well established that the nuclear phosphoinositides (PIs) reg-
ulate many processes including: nuclear size, nuclear membrane
reassembly, chromatin structure, DNA replication, localization of
transcription factors, transcription, RNA splicing, mRNA export,
and cell cycle progression in animal and yeast cells (as depicted in
Figure 2).

Plants and animals both have a complex nuclear structure
(reviewed in Cheung and Reddy, 2012) and each structural com-
ponent of the nucleus is potentially a site for diverse PIs and PI
pathway-mediated signaling. The structural components include
outer and inner nuclear envelopes (which create a double mem-
brane between the cytoplasm and nucleoplasm generating an
intramembrane space around the nucleus, reviewed in Meier and
Brkljacic, 2009; Boruc et al., 2012), nuclear pore complexes (the
site of active transport between the nucleoplasm and the cyto-
plasm, reviewed in Boruc et al., 2012), nucleoplasm (similar to
cytoplasm), nuclear matrix (structural scaffold for nuclear con-
tent, reviewed in Hancock, 2000), chromatin (DNA, protein and
metabolites that hold together the tertiary structure of DNA), and
nucleoplasmic reticulum (invaginations of the endoplasmic retic-
ulum in the nucleus, reviewed in Malhas et al., 2011). Current
studies of the nuclear membrane in plants and animals sug-
gest a similar mechanism for breakdown and reformation during
nuclear division (reviewed in Rose et al., 2004; Lloyd and Chan,
2006), suggesting a common origin of the nuclear division. Con-
sidering the conservation in nuclear structure, it is not surprising
to find that many plant nuclear functions are potential targets of
PI pathway regulation, and evidence is mounting for a nuclear PI
pathway in plants similar to animal and yeast systems.
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FIGURE 1 | Schematic representation of inositol phospholipids and

inositol phosphate metabolism associated with the phosphoinositide

(PI) pathway. A generalized PI pathway is shown. Lipid metabolites are
represented by ovals, inositol and inositol phosphate derivatives are
depicted by boxes and enzymes are underlined. Well characterized
pathways are indicated with bold arrows. Enzymes and metabolites that
have been found in plants to date are shown in red. Enzyme abbreviations
are as follows: IPS, myo-inositol phosphate synthase; IMP, inositol
monophosphatase; PIS, phosphatidylinositol synthase; PI3K, PtdIns
3-kinase; PI4K, PtdIns 4-kinase; PIP5K, PtdIns4P 5-kinase; FAB/PIPKfyve,
PtdIns3P 5-kinase; PI-PLC, PtdIns/PtdInsP-Phospholipase C; IPK, inositol
phosphate kinase; DGK, diacylglycerol kinase; PAK, PtdOH kinase; KCS1,
kinase C suppressor 1 (inositol hexakisphosphate (InsP6) kinase); VIP1,
InsP6, and inositol heptakisphosphate (InsP7) kinase. Animal Type I PtdIns3K
enzyme activity that produces PtdIns(3,4,5)P3 has not been identified in
plants and is marked with one (*) asterisk. KCS1 and VIP1 activities have
been identified in yeast and animals and are marked with two (**) asterisks.

In the following sections, we present evidence from the current
literature, for the existence of nuclear PIs in plants and discuss
potential roles of the plant nuclear PI pathway in cell cycle regula-
tion, DNA synthesis, transcription and RNA processing, stress and
hormone responses. However, since our knowledge and under-
standing of the plant nuclear PI pathway is still limited, we are
including relevant examples from the animal and yeast literature
in order to highlight the functional significance of these findings
and to draw the readers’ attention to promising areas for further
investigation.

THE PI PATHWAY ENZYMES ARE PRESENT IN PLANT NUCLEI
Plant PI pathway enzymes have multiple isoforms and their expres-
sion, subcellular localization or activities may differ between
isoforms in different developmental stages, cell types or environ-
mental conditions (Mueller-Roeber and Pical, 2002; Heilmann,
2009). Nevertheless, many of the enzymes and lipids of the animal
nuclear PI pathway have been identified in plant nuclei and these
are listed in Table 1.

Many of the plant PI pathway enzymes exhibit dynamic
and specific patterns of subcellular localization. The Arabidopsis
PIP5K isoforms are the best studied example. In silico prediction
places several of the At PIP5K proteins in the nucleus with 1, 4,
5, 6, 9, and 11 containing possible NLS sequences (WoLF PSORT
2011, Horton et al., 2007). To date only GFP-tagged At PIP5K9

FIGURE 2 | Phosphoinositide pathway functions reported in animal

and yeast nuclei. In animals and yeast, phospholipids and inositol
phosphates are associated with many critical nuclear processes such as
DNA repair, chromatin remodeling and RNA editing and export as described
in the text. Nuclear enzymes affected by the PI pathway include:
polyadenylate polymerase (PAP), topoisomerase, DNA polymerase and
RNA polymerase. Nuclear proteins include: transcription factors (TF),
inositol phosphate kinase 2 (IPK2, with transcription factor activity), inositol
trisphosphate receptor (InsP3R), histone H1 (H1), histones 2A, 2B, 3 and 4
(Histone Octomer). Nuclear complexes include: DNA repair complex with
Non-homologous end joining (NHEJ), RNA editing, mRNA export,
Spliceosome, Remodeling complexes, Telomerase complex and the
NPC – nuclear pore complex. Data are from both in vivo and in vitro assays.
Small circles represent different phospholipids and small squares represent
different inositol phosphates as indicated.

has been shown to localize to both the nucleus and the PM in
transient expression assays in onion cells (Lou et al., 2007), but
many of the other At PIP5K isoforms have been found localized to
the PM (Kusano et al., 2008; Stenzel et al., 2008; Camacho et al.,
2009; Ischebeck et al., 2011). Transient GFP expression studies can
provide results that are difficult to interpret and PIP5Ks turnover
rapidly and are difficult to detect with antibodies (Camacho et al.,
2009). Biochemical studies have shown PIP5K activity associated
with isolated nuclei (Hendrix et al., 1989; Dieck et al.,unpublished)
suggesting the presence of a nuclear localized PIP5K, therefore it
will be important to determine whether the PIP5Ks transiently
localize to the nucleus.

Nuclear PI-PLC activity has also been demonstrated in plants
using PtdIns as a substrate (Pfaffmann et al., 1987); however
the nuclear PI-PLC isoforms have not been identified. Of the
nine At PLC proteins in silico prediction suggests that AtPLC6
(AT2G40116), At PLC4 (AT5G58700) and At PLC1 (AT5G58670)
may be nuclear targeted (WoLF PSORT 2011, Horton et al., 2007).
More genetic,biochemical and in vivo and data are needed to delin-
eate the localization and effects of the nuclear versus PM localized
PIP5Ks, PI-PLCs and other PI pathway enzymes on plant growth
and development.

THE PI PATHWAY LIPIDS ARE PRESENT IN PLANT NUCLEI
The nuclear envelope encloses the nucleus and creates a barrier
between the nucleoplasm and the cytoplasm, and is the first point
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Table 1 | Phosphoinositide pathway enzymes reported in plant nuclei.

Enzyme name Abbreviation Copy no. Nuclear isoform Nuclear

activity

Citations

Myo-inositol synthase MIPS, IPS 3 IPS1 Nd Meng et al. (2009)

Phosphatidylinositol-3-kinase PI3K 1 PI3K Yes Bunney et al. (2000)

Phosphatidylinositol-4-kinase PI4Kα, PI4Kβ 4 PI4Kβ1 Yes Koroleva et al. (2005),

Bunney et al. (2000),

Hendrix et al. (1989)

Phosphatidylinositol-4-phosphate 5-kinase PIP5K 11 AtPIP5K9 Yes Lou et al. (2007),

Hendrix et al. (1989)

Phosphatidylinositol – phospholipase C PI-PLC 9 Nd Yes (PtdIns

only)

Pfaffmann et al. (1987)

Diacylglycerol kinase DAGK, DGK 7 AtDGK1, AtDGK2 Yes Vaultier et al. (2008),

Wissing and Wagner (1992),

Hendrix et al. (1989)

Phosphatic acid kinase PAK Nd Nd Yes Bunney et al. (2000)

Inositol phosphate kinase IPK, IMPK 2 At IPK2α, At IPK2β Nd Xu et al. (2005),

Xia et al. (2003)

Inositol (1,3,4) P3 5/6-kinase ITPK 4 At ITPK2, At ITPK1-1 Nd Koroleva et al. (2005),

Qin et al. (2005)

Inositol 5-phosphatase 5Ptase 15 At5Ptase13, At5Ptase7 Nd Ananieva et al. (2008),

Kaye et al. (2011)

for signaling in the nucleus (reviewed Boruc et al., 2012). The
ratios of phospholipids in plant nuclei have been determined, e.g.,
PtdCho > PtdEtn > PtdIns > PtdSer (Philipp et al., 1976). PtdIns
constitutes between 8 to 15% of the total phospholipids in differ-
ent nuclear fractions (onions roots and stems, Philipp et al., 1976;
wheat seedlings, Minasbekyan et al., 2004; tobacco cells grown in
suspension culture, Dieck et al., unpublished results). Sub-nuclear
localization of the lipids is also important. In wheat embryos 3 days
after germination,PtdIns was found in both the nuclear membrane
and chromatin, while PtdOH was found in the nuclear mem-
brane, but was not associated with chromatin. While only the dry
embryos had PtdOH associated with the chromatin (Minasbekyan
et al., 2004), the nuclear membrane and chromatin had similar
ratios of most lipids. Additionally, multiple labs have demon-
strated the presence of PtdInsP2 in the plant nucleus either directly
(König et al., 2008) or through YFP-PH domain constructs that
bind PtdInsP2 (Mishkind et al., 2009) and phosphatidylinositol-
4-phosphate 5-kinase (PIP5K) activity has been identified in the
plant nucleus (Hendrix et al., 1989; Dieck et al., unpublished
results) highlighting the localization of PtdInsP2 and at least one
plant PIP5K isoform to the nucleus. Importantly, the percentage of
polyunsaturated fatty acids (PUFAs) in nuclear-enriched fractions
of PtdIns, PtdInsP, and PtdInsP2 are different from those found in
the PM (König et al., 2008), suggesting subcellular specificity of
lipid fatty acid composition.

The phospholipid composition of plant and animal nuclear
membranes is conserved. The amount and location of phospho-
lipids in animal nuclei and their effects on nuclear processes
have been well studied (reviewed Irvine, 2003). Animal nuclei
and nuclear membranes have a phospholipid profile similar
to plant nuclei of PtdCho > PtdEtn > PtdIns > PtdSer (Kleinig,
1970). This general profile is also very similar to lipids in the PM

(Kleinig, 1970). PtdIns comprises about 10% of the phospholipids
in the nucleus, comparable to the amount in the PM, and many
of the PI pathway enzymes and lipids have been identified in the
nucleus (reviewed in Irvine, 2003; Bunce et al., 2006; Di Paolo
and De Camilli, 2006; Gonzales and Anderson, 2006; York, 2006;
Barker et al., 2009; Mellman and Anderson, 2009; Barlow et al.,
2010; Monserrate and York, 2010; Tsui and York, 2010; Gillaspy,
2011; Keune et al., 2011; Ramazzotti et al., 2011). Although most
lipids in animal and plant nuclei identified so far are similar, it is
likely that species-specific inositol lipids and other uncharacter-
ized inositol lipids will be found in the nucleus of plants, animals
and yeast. For example, in yeast, a very-long-chain fatty acid PtdIns
lipid species with 26 carbons (26:0) is present in both the nuclear
membrane and PM. The PtdIns 26:0 lipid species could help stabi-
lize highly curved membrane domains and may be important for
the formation of the nuclear pore complex (Schneiter et al., 2004).

Animal nuclei have similar inositol phospholipids to plant
nuclei including PtdIns, PtdInsP and PtdInsP2, as well as the
animal-specific lipid PtdInsP3 (Garnier-Lhomme et al., 2009).
Data from animal cells suggests that the polyphosphorylated inos-
itol phospholipids may be involved in nuclear membrane fusion.
Analysis of nuclear envelope remnants from 0.1% non-ionic deter-
gent extraction using mass spectrometry (HPLC-ESI-MS/MS)
revealed high levels of phosphorylated inositol phospholipids
(12% PtdInsP and PtdInsP2, and 9% PtdInsP3) compared to total
nuclear lipids (Garnier-Lhomme et al., 2009). Isolated vesicles
associated with nuclear membrane fusion also contain high inos-
itol phospholipid levels as determined by lipid mass spectrometry
(20% PtdIns, 20% PtdInsP, 10% PtdInsP2, and 10% PtdInsP3;
Byrne et al., 2007). These vesicles have a higher propensity for
fusion (Zhendre et al., 2011) as well as enhanced PLCγ associa-
tion (Byrne et al., 2007). Nuclear membrane assembly normally
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requires GTP for Ran-mediated activity; however, the addition of
PI-PLC can overcome this requirement, and cause nuclear mem-
brane fusion without added GTP. The DAG formed by PI-PLC has
been shown to induce nuclear membrane vesicle fusion (Barona
et al., 2005). Current studies of the nuclear membrane in plants
and animals suggest a similar mechanism for breakdown and ref-
ormation during nuclear division (reviewed in Rose et al., 2004;
Lloyd and Chan, 2006), which suggests the PI pathway may also
be important in plant nuclear membrane fusion/reassembly.

The outer nuclear membrane, which is contiguous with the
endoplasmic reticulum, allows for crosstalk between the nucleus
and other cellular compartments like the cytosol and ER in plants
and animals (reviewed in Raben et al., 1994; Boruc et al., 2012).
In animals, sites for synthesis of PtdIns, PtdInsP, and PtdInsP2

are found in the outer nuclear envelope and the flow of PI lipids
between the outer and inner nuclear envelope gives evidence that
changes in the PI lipids between envelopes are connected (Slomi-
any and Slomiany, 2011). Nuclear lipids and inositol phosphates
can also affect signal transduction via ion channels and mem-
brane bound receptors which regulate the amount of calcium and
other ion transport from the intramembrane space across either
the outer or inner nuclear membrane (Matzke et al., 2010). It is
hypothesized that nuclear calcium signaling can be independent
of cytosolic signaling both in animals and plants (Fedorenko et al.,
2010; reviewed in Malviya and Rogue, 1998; Pauly et al., 2000). One
of the receptors found in animals that can control calcium flux
is the inositol trisphosphate receptor (InsP3R). InsP3-mediated
nuclear calcium signals have been measured even when cytosolic
InsP3 signals are inhibited by heparin, which competes with the
cytosolic InsP3-binding site but which can not cross the nuclear
pore (Chamero et al., 2008). In animal cells, the InsP3R has been
identified in the nucleoplasm (Huh and Yoo, 2003) and on the
inner nuclear membrane (Malviya, 1994) providing further evi-
dence for an InsP3 response in the nucleus. The nucleoplasmic
reticulum connects the endoplasmic reticulum and outer nuclear
envelope to the intranuclear space (reviewed in Bootman et al.,
2009). Nuclear calcium signals have been localized to a nucleo-
plasmic reticulum in animals (Echevarría et al., 2003) and it is
possible the InsP3R receptors localize to the nucleoplasmic reticu-
lum. In plants nuclear invaginations similar to the nucleoplasmic
reticulum have been observed (Collings et al., 2000), which pro-
vides a structural context for localized nuclear signaling in plants.
Although a homolog for the animal InsP3R has yet to be identified
in plants (Krinke et al., 2007) a number of studies have shown that
InsP3 or other inositol phosphates play signaling roles in plants
(reviewed in Im et al., 2010; Munnik and Nielsen, 2011), leaving
the possibility for a non-canonical InsP3 receptor in plants.

The nuclear matrix is a protein scaffold that supports the
nucleus and creates structure for chromatin localization. Ani-
mal nuclear matrix PI pathway enzyme activities revealed phos-
phatidylinositol 4-kinase (PI4K) activity associated with the
nuclear periphery and PIP5K, PLC, and diacylglycerol kinase
(DAGK) activities associated with the inner nuclear matrix
(Payrastre et al., 1992). Intranuclear as well as nuclear matrix asso-
ciated enzyme activities (as reviewed in Irvine, 2003; Cocco et al.,
2009) suggest that PI pathway enzymes in the nucleus are not
just nuclear membrane contamination, but could be specifically

localized to particular sub-nuclear areas for specific nuclear func-
tions. The presence of PI lipids and enzymes (Table 1) in plant
nuclei makes a compelling argument that there is a plant nuclear
PI pathway as well (Hendrix et al., 1989; Bunney et al., 2000;
Minasbekyan et al., 2004, 2008; König et al., 2008; Mishkind et al.,
2009).

THE PI PATHWAY AND CELL CYCLE CONTROL
Changes in phosphoinositides during the cell cycle have been doc-
umented in plants. In coffee plants induction of somatic embryo-
genesis with hormones causes a transient increase in PI pathway
activity followed by decreased activity as measured by [γ32P]ATP
labeling of endogenous PtdIns3P and PtdIns4P (Ek-Ramos et al.,
2003). Treatment with the PI3/4K inhibitor wortmannin (5 μM)
delayed development during somatic embryogenesis, specifically
the differentiation from heart to torpedo stages. Treatment was
time sensitive, 5 μM wortmannin for 8 days resulted in accumu-
lation of globular and torpedo stages while 38 days of treatment
resulted in accumulation of globular and heart stages (Ek-Ramos
et al., 2003). This shift suggests that blocking the PI path-
way inhibits differentiation; however, because blocking the lipid
kinases can have pleiotropic effects on membrane biogenesis and
cytoskeletal structure, the results of these treatments are difficult
to interpret.

Additional inhibitor studies suggest a requirement for inositol
for cell cycle progression in plants. Treatment of rose cells with
lithium chloride (an inositol biosynthesis inhibitor) inhibited cell
growth, and the addition of inositol overcame this inhibition (Das
et al., 1987). Inhibition of myo-inositol production with deoxyglu-
cose also inhibited cell cycle progression which could be overcome
with exogenous myo-inositol (Biffen and Hanke, 1990). These data
emphasize the importance of inositol for plant cell growth, but do
not demonstrate a direct role for the PI pathway. It is essential to
recall that inositol is an important plant metabolite essential for
cell wall biosynthesis, ascorbic acid biosynthesis and can regulate
carbon flux through glycolysis (Loewus and Murthy, 2000). The
multiple functions of inositol in plant cells make it particularly
difficult to interpret studies that alter de novo inositol synthesis.

A variety of experiments connect the animal nuclear PI pathway
with cell cycle progression. Inhibition of PLCβ1 by expression of an
antisense PLCβ1 transcript caused inhibition of cell cycle progres-
sion induced by the growth factor IGF-I. Conversely, when PLCβ1
was overexpressed increased cell cycle progression was detected
(Manzoli et al., 1997). Overexpression of a nuclear localized PLCβ1
increased cell cycle progression even in serum starved cells that
would not have progressed through the cell cycle (Faenza et al.,
2000). Nuclear localization of overexpressed PLCβ1 was critical
for inhibition of differentiation of erythroleukemia cells, while a
mutant cytosolic PLCβ1 did not inhibit differentiation (Matteucci
et al., 1998). In addition, PI-PLC specific inhibitors led to G2 cell
cycle arrest (Sun et al., 1997), while a PC-PLC specific inhibitor
did not. Inhibition of nuclear PLC is a current target of cancer
therapy (reviewed Cocco et al., 2009).

After synchronization of animal cells, in the G1/S phase
radioactive analysis of isolated nuclei showed increased activity
of PIP5K, PI4K and DAGK resulting in increased production
of [32P] PtdInsP2, [32P] PtdInsP and [32P] PtdOH, respectively
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(Clarke et al., 2001). Steady state levels of the nuclear phospho-
inositides PtdIns4P and PtdIns5P were found to increase while
a trend toward decreased PtdInsP2 was observed (Clarke et al.,
2001). These results suggest that there is an increase in PtdInsP2

turnover probably caused by the increased nuclear PLCβ1 during
cell cycle progression even though PIP5K activity is increased.
Localization of the increased PIP5K activity could also be at
specific sub-nuclear sites.

Changes in the fatty acid profile of nuclear PtdInsP2 have
also been measured during cell cycle progression in animal cells.
Decrease of nuclear PtdInsP2 during S phase progression can be
specific for certain lipid molecular species (LMS), for example,
HeLa cell nuclei showed decreased PtdInsP2 with a fatty acid com-
position of 34:0 during S phase progression (Ogiso et al., 2010).
Surprisingly, nuclei contained a much lower amount of arachi-
donic acid containing lipids (for example 38:4) compared with
whole cell lipids (Ogiso et al., 2010). This suggests that the fatty
acid composition of the nuclear PI lipids may be important for
their regulation and localization, independent of the cytoplasm
and PM.

Cell cycle regulation can culminate in cellular death or
apoptosis. In animal cells, Type I PI3K enzymes phosphorylate
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 which is a well known regulator
of apoptosis. The control of the amount of nuclear PtdInsP3 by
specific PI3K and the PtdInsP3 specific phosphatase, phosphatase
and tensin homolog deleted on chromosome 10 (PTEN), regu-
lates cellular survival with more PtdInsP3 leading to proliferation
and less PtdInsP3 leading to cellular death and cell cycle arrest
(Reviewed by Gil et al., 2007). Additional roles for the PTEN and
PI3K proteins that do not require their inherent lipid phosphatase
or lipid kinase activity have been discovered (Bondeva et al., 1998;
Song et al., 2011). Interestingly, Pribat et al. (2012) recently char-
acterized two novel plant PTEN proteins in A. thaliana, At PTEN2a
and At PTEN2b, which utilize PtdIns3P instead of PtdIns(3,4,5)P3.
This reveals a potential plant-specific nuclear signaling pathway
since plants have a nuclear PI3K which could produce PtdIns3P
(Bunney et al., 2000) as a possible substrate for a PTEN2 protein.

THE PI PATHWAY AND DNA SYNTHESIS
In plants, components of the PI pathway may regulate DNA syn-
thesis. In soybean cells, inhibition of PLC activity with the chemical
inhibitor U-73122 (5 μM concentration) decreased InsP3 and con-
comitantly decreased DNA synthesis by >30%. When MS media
was added with the PLC inhibitor U-73122, soybean cells did not
show significantly decreased DNA synthesis. PLC activity, mea-
sured by InsP3 produced, was higher under MS salt conditions
compared with a water control, suggesting that an U-73122 resis-
tant PLC activity could still produce enough InsP3 and/or InsP2

to activate DNA synthesis (Shigaki and Bhattacharyya, 2002) and
raises the intriguing possibility that inhibitor action on enzymes
may be affected by the subcellular localization of enzymes. Human
DNA polymerase α has been shown to be activated by InsP2 in vitro
(Sylvia et al., 1988), but the affect of inositol phosphates on plant
DNA polymerases has not been studied. As previously discussed,
PI-PLC activity with PtdIns substrate has been detected in plant
nuclei (Pfaffmann et al., 1987) although the specific nuclear local-
ized isoform has not been identified. It is likely that cell cycle or

cellular developmental stages will control the nuclear localization
of these PLCs as is found in animal cells.

In animals, lipids in the PI pathway have been shown to inter-
act with DNA and may regulate DNA replication (reviewed in
Koiv et al., 1995; Kuvichkin, 2002). Studies have shown PtdInsP
to decrease α, δ, and ε DNA polymerase activity (Shoji-Kawaguchi
et al., 1995). The inhibition of polymerase activity was not con-
fined to PtdInsP as PtdIns inhibited DNA polymerase ε activity
and PtdOH inhibited DNA polymerase α and ε activity. The fatty
acid composition of PtdIns was a critical factor (Shoji-Kawaguchi
et al., 1995) as plant PtdIns (enriched in linoleic (18:2) and palmitic
acids (16:0)) inhibited both DNA polymerase α and ε, while ani-
mal PtdIns (enriched with arachidonic acid) only inhibited DNA
polymerase ε. Furthermore, Ishimaru et al. (2010) showed that
animal topoisomerases I and II (involved in DNA synthesis) could
be inhibited by PtdOH. Topoisomerase II activity was also inhib-
ited by PtdIns (Ishimaru et al., 2010) and by PtdInsP2 (Lewis et al.,
2011). The results indicate that specific isoforms of DNA poly-
merase and topoisomerase can be regulated by selective lipids
in the PI pathway. It will be interesting to see if plant DNA
polymerases and topoisomerases are regulated by inositol phos-
pholipids and inositol phosphates as suggested by research from
Shigaki and Bhattacharyya (2002).

THE PI PATHWAY AND REGULATION OF TRANSCRIPTION
AND RNA PROCESSING
The PI pathway may play a role in transcription in plants. Exoge-
nously added PtdIns4P and PtdIns5P caused differential gene
expression in A. thaliana (Alvarez-Venegas et al., 2006b), although
the mechanisms of the phospholipid effects are unknown. Deter-
gent resistant PI3K and PI4K activities were detected in soybean
nuclei, and the PI3K protein showed intranuclear localization that
coincided with sites of BrUTP incorporation (Bunney et al., 2000).
However, an increase in PI3K activity is associated with root nod-
ule formation (Hong and Verma, 1994) and a YFP-2xFYVE con-
struct that recognizes PtdIns3P (the product of PI3K) co-localizes
with endocytic vesicles in vivo (Vermeer et al., 2006). These results
indicate PtdIns3P has a prominent role in vesicle trafficking in
plants. Specific functions of PtdIns3P, PtdIns4P, and PtdIns5P in
plant nuclei have yet to be determined.

Some insights into the function of the PI pathway intermedi-
ates in transcription and RNA processing can be gleaned from
the animal and yeast literature. Inositol phospholipids and/or
inositol phosphates affect RNA processing from transcription to
mRNA export. Early studies tested the affect of lipids on tran-
scriptional activity by adding lipid vesicles to isolated nuclei.
PtdIns decreased total RNA synthesis, while vesicles of another
phospholipid, phosphatidylserine, could increase RNA synthesis
(Manzoli et al., 1982). A later study examined the effect of PtdIns,
PtdIns4P, PtdInsP2, and PtdIns(3,4,5)P3 on transcription in vitro
in the presence of chromatin and histone H1 (Yu et al., 1998).
PtdInsP2 decreased the inhibition of RNA polymerase activity by
H1 by 62% (Yu et al., 1998). This effect is specific for PtdInsP2 as
PtdIns4P and PtdIns(3,4,5)P3 decreased RNA polymerase inhibi-
tion by less than 15% and PtdIns had no effect. PtdInsP2 tran-
scription activation may be indirect through the regulation of
histone H1; however, antibodies to PtdInsP2 immunoprecipitated
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RNA polymerase and transcription factors from nuclear extracts
suggesting a more direct interaction between PtdInsP2 and the
transcriptional machinery including RNA polymerase (Osborne
et al., 2001; Lewis et al., 2011). PtdInsP2 also appears to be impor-
tant for transcription in vivo; the mutant in the nuclear PIP5K
skittles in D. melanogaster had decreased transcriptionally active
chromatin compared with wild type (Cheng and Shearn, 2004).

RNA polymerase activity is also affected by transcription fac-
tors that bind other lipid and inositol phosphate components of
the PI pathway. For example, Gozani et al. (2003) showed that
the plant homeodomain (PHD) finger of tumor suppressor pro-
tein INhibitor of Growth 2 (ING2) bound specifically to PtdIns5P,
and that increases in PtdIns5P in vivo affected the localization
of endogenous ING2 visualized by immunohistochemistry. Tran-
scription factors with novel phosphoinositide binding domains
continue to be identified like the human transcription factors
LRH-1 and SF-1, which are NR5 orphan nuclear receptors. The
ligands for these receptors had not been identified, but a crys-
tal structure suggested lipid binding and in vitro assays showed
specific binding to PtdIns(3,5)P2 and PtdIns(3,4,5)P3 (Krylova
et al., 2005) suggesting that these NR5 receptors are inositol
phospholipid receptors similar to ING2. Additionally, PtdIns5P
labeled with Bodipy-TR, PtdIns3P-Bodipy-TR, and PtdIns4P-
Bodipy-TR showed qualitatively distinct nuclear fluorescence pat-
terns (Gozani et al., 2005). Arabidopsis contains 83 PHD finger
containing proteins with many similar to ING2 that may bind
inositol phospholipids or inositol phosphates (Lee et al., 2009).
These results suggest that each plant nuclear PI lipid may have spe-
cific sub-nuclear localization and potential effects on unidentified
lipid binding transcription factors.

In addition to phospholipids in the PI pathway, IPK and the
inositol phosphates have been shown to regulate transcription.
First discovered as Arg82, a protein component of a transcriptional
complex needed for arginine specific responses in yeast, IPK2 has
been identified as a regulator of transcriptional complexes (Odom
et al., 2000). The inactive IPK2 enzyme did not recover an IPK2
mutant phenotype, suggesting that the inositol phosphate prod-
ucts of IPK2, InsP4 or InsP5, are important for transcriptional
control. Further research is needed in order to understand the role
of the PI pathway in transcriptional regulation as IPK2 mutants
also have defects in chromatin remodeling (Steger et al., 2003),
which can mimic a transcription factor defect.

mRNA processing is an important step to ensure the correct
template for translation prior to mRNA export. PtdInsP2 has been
identified in nuclear speckles associated with RNA processing and
depletion of nuclear PtdInsP2 decreased mRNA splicing (Osborne
et al., 2001). Polyadenylation of mRNA transcripts is an important
step in mRNA processing and a non-canonical poly-A polymerase,
Star-PAP, has been identified that is activated by PtdInsP2 in vitro
and in vivo. Star-PAP binds the human HsPIP5K1α and during
hyperosmotic stress HsPIP5K1α and Star-PAP regulate a number
of specific mRNAs through PtdInsP2 dependent poly-A tail elon-
gation (Mellman et al., 2008). Independent of the hyperosmotic
stress response, HsPIP5K1α and Star-PAP are recruited by protein
kinase C δ (PKCδ) to regulate the DNA damage/apoptosis response
gene BIK by increasing BIK transcript poly-A tail length and
subsequently increasing BIK protein expression (Li et al., 2012).

Along with mRNA polyadenylation, some mRNA and tRNA
transcripts undergo further processing known as RNA editing
where nucleotides are replaced in the RNA transcript. The enzymes
for both mRNA editing (ADAR2) and tRNA editing (ADAT1)
bind InsP6 and require InsP6 for enzyme stability as well as for
ADAR2 activity (Macbeth et al., 2005). The requirement for InsP6

in mRNA editing highlights the need for the study of the inositol
phosphate pathway in the nucleus as select nuclear processes can be
important for producing the correct mRNA sequence, which will
affect the final protein sequence and expression. Efficient export
of mRNA can also require InsP6 and the PI pathway (York et al.,
1999; Alcázar-Román et al., 2006; Weirich et al., 2006).

The combinatorial regulation and complexity of the animal
nuclear PI pathway is highlighted by the existence of cell signal-
ing pathways regulated by HsPIP5K1α, the necessity of PtdInsP2

for mRNA splicing and inositol phosphate requirements in RNA
editing. Roles of the plant nuclear PI pathway in mRNA splicing,
polyadenylation and stability have yet to be described.

THE PI PATHWAY AND CHROMATIN REMODELING IN
PLANTS AND ANIMALS
Chromatin is made up of DNA and proteins. The structure of
the chromatin controls replication, transcription and localization
of the DNA. Basic chromatin structure can be divided into two
functional states: repressed or non-active chromatin (heterochro-
matin) and open or active chromatin (euchromatin). The affect of
the PI pathway on chromatin remodeling in plants is still unclear,
while a number of studies have shown the PI pathway is important
for histone modification and chromatin remodeling in animals.

At least one plant chromatin remodeling enzyme that is sen-
sitive to PI pathway lipids has been described. The chromatin
remodeling protein ATX1, a histone trimethyltransferase, has a
PHD that binds PtdIns5P (Alvarez-Venegas et al., 2006a). Localiza-
tion of ATX1 is affected by the lipids in the cell. Exogenously added
PtdIns5P results in the relocalization of ATX1 from the nucleus
to the PM and subcellular vesicles, and the ATX1-dependent
H3K4 trimethylation is decreased (Alvarez-Venegas et al., 2006a).
In vivo, overexpression of the PM localized phosphoinositide 3-
phosphatase myotubularin (MTM), that hydrolyzes PtdIns(3,5)P2

to increase PM PtdIns5P, causes ATX1 localization to the PM
(Ndamukong et al., 2010). It will be interesting to investigate the
effect of increased nuclear PtdIns5P on ATX1 localization. We
anticipate that further investigations will identify other chromatin
remodeling and transcription factors that bind to the PI pathway
components in plants.

Histone modification and chromatin remodeling are affected
by PI pathway lipids and inositol phosphates in animals. Lipid
analysis of isolated animal chromatin revealed that different
amounts of lipids are associated with heterochromatin and
euchromatin. In addition, higher turnover rates of lipids are
associated with euchromatin (Rose and Frenster, 1965). Further-
more, hydrolysis of nuclear phospholipids via PLC changes the
chromatin structure (Maraldi et al., 1984).

The skittles mutant in D. melanogaster, which lacks the nuclear
localized PIP5K, has hyperphosphorylated histone H1, a biochem-
ical marker of hyper-compacted heterochromatin (Cheng and
Shearn, 2004). Yu et al. (1998) showed that both histones H3 and
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H1 could bind to PtdIns(4,5)P2 and that a specific binding site for
PtdIns(4,5)P2 in the C terminal tail of histone H1 overlapped with
a phosphorylation site, suggesting that lipid binding could affect
histone phosphorylation. In addition to the affect of PtdInsP2 on
histone H1 function, remodeling complexes are also affected by the
PI pathway. The Brg-associated factor (BAF) remodeling complex
in animals binds PtdInsP2 (Rando et al., 2002), and PtdInsP2 acti-
vates/stabilizes BAF chromatin binding and activity (Zhao et al.,
1998). Small metabolites, like the inositol phosphates, can also
affect remodeling complex activities (reviewed in Burgio et al.,
2010). Particular inositol phosphates have specific activities, for
example InsP6 has an inhibitory effect on remodeling complexes,
while InsP4 and InsP5 can activate similar complexes (Shen et al.,
2003). Changes in the inositol phosphates were also shown to affect
chromatin remodeling in vivo (Steger et al., 2003).

THE PI PATHWAY AND PLANT STRESS RESPONSES
A variety of PI pathway enzymes are important for the regula-
tion of stress responses, and some of these proteins localize to the
nucleus, suggesting a direct nuclear signaling capacity (Gillaspy,
2011). Both 5Ptase13 and 5Ptase7, members of a large family of
5Ptase enzymes in plants, have been localized to the nucleus and
are required for different stress responses. 5Ptase13 interacts with
SnRK1 and regulates responses to sugar and nutrient stress by sta-
bilizing SnRK1 activity (Ananieva et al., 2008). The 5Ptase7 is both
nuclear, and PM localized and may help modulate the response to
salt stress as 5Ptase7 mutants are hypersensitive to salt. Salt stress
induced reactive oxygen species (ROS) in the nucleus (as measured
by H2DCFDA fluorescence) and stress responsive transcripts are
significantly reduced in 5Ptase7 mutants compared with wild type
plants (Kaye et al., 2011).

Plant phosphate stress is an important agronomic concern, and
phosphate sensing has been linked to inositol phosphates in yeast.
The phenotype of the IPK1 mutation in A. thaliana suggests that
the PI pathway also is important for phosphate sensing in plants.
When IPK1 is mutated, the IPK1 transcript decreased 70% and the
total InsP6 decreased by 82.5% in seeds and over 90% in seedlings
(Stevenson-Paulik et al., 2005). ipk1 plants exposed to normal lev-
els of phosphate continue to accumulate phosphate as if they were
lacking phosphate and ultimately suffer from phosphate toxicity
suggesting that IPK1 (or its inositol phosphate product InsP6) is
important for normal phosphate sensing. ipk1 mutant plants are
also more susceptible to pathogens; however, the fact that not all
InsP6-deficient plants are pathogen sensitive suggests that a selec-
tive pool of InsP6 or IPK1-sensitive responses control pathogen
response (Murphy et al., 2008). Decreased IPK1 activity in the
ipk1 mutant also leads to an accumulation of InsP5, which has a
role in increasing jasmonic acid (JA) sensing, and can affect the
pathogen response as discussed below.

Cellular PtdInsP2 production was increased sixfold with a
heat stress treatment of 40˚C for 30 min, and heat stress also
caused accumulation of the YFP-PH domain (capable of bind-
ing PtdInsP2) in the nucleus of Arabidopsis cells (Mishkind et al.,
2009). Increased nuclear PtdInsP2 could result from increased
nuclear localization or activation of PIP5K or decreased PtdInsP2

catabolism. The biological relevance of increased YFP-PH accu-
mulation in the nucleus is not yet clear since the high temperature

may affect membrane dynamics. Membrane-associated PtdInsP2

has been shown to increase with senescence (Borochov et al., 1994).
Similar to the previously discussed fatty acid composition

changes in the animal nuclear PI pathway during the cell cycle
(Ogiso et al., 2010), dynamic and transient changes in the fatty acid
composition of PI pathway lipids can occur during stress in plants
(König et al., 2007). In response to hyperosmotic stress there was a
transient increase in PUFAs in total cellular PtdInsP and PtdInsP2

and a decrease in the PUFAs in PtdIns. When cell membranes were
fractionated, the transient (15 min) changes in the PM PtdIns and
PtdInsP2 were consistent with the whole cell data; however, the
lipids in the nuclear-enriched fraction from stressed plants did
not show a similar PUFA profile (König et al., 2008). These data
are consistent with a separate and dynamic nuclear PI signaling
pool.

THE PI PATHWAY AND PLANT DEVELOPMENT
There is evidence that in plants the expression of PI pathway
enzymes and lipid content change with developmental progression
revealing further similarity to the animal PI pathway. For example,
during embryo development and seedling germination, a variety
of environmental hormonal and developmental cues are trans-
mitted to the nucleus. As previously discussed, during somatic
embryogenesis different stages of embryogenesis showed differ-
ences in the activity of PI3K and PI4K, suggesting that a particular
point of development requires the PI pathway (Ek-Ramos et al.,
2003). Direct changes in the nuclear PtdIns content and distri-
bution can be seen in nuclei isolated during wheat germination
(Minasbekyan et al., 2004, 2008). In germinating wheat, changes
were observed in both the nuclear membrane and soluble nuclear
PI pathway lipids (Minasbekyan et al., 2008). PtdIns was contin-
uously present in the nuclear membrane at day 3 and day 4, but
PtdIns in the nucleoplasmic fraction was only observed on day 4.
Gibberellin (GA) treatment increased nucleoplasmic PtdIns sug-
gesting that nuclear PtdIns might be a by-product of increased
lipid trafficking or might be part of a novel GA regulatory loop
that uses PtdIns for nuclear signaling.

Heterologous expression and mutation of enzymes in the PI
pathway have revealed potential effects of the PI pathway on the
development and differentiation of plants. For example, expres-
sion of PI-PLC2 from Brassica napus in canola increased the speed
of development by 1 week, resulting in early flowering and an
increased number of branches (Georges et al., 2009). The subcellu-
lar localization of BnPI-PLC2 in canola was not reported; however,
increases in animal nuclear PI-PLC proteins have similar affects in
that there is increased cell cycle progression and changes in cell
determination (reviewed Cocco et al., 2009). While it is possible
that BnPI-PLC2 directly affects nuclear function in plants, indi-
rect effects through regulation of transcription or phytohormones
cannot be ruled out.

The A. thaliana inositol kinase IPK2β is a homolog of the yeast
IPK2 InsP3/InsP4 dual-specificity 6-/3-/5-kinase, which phospho-
rylates InsP3 to InsP4, and InsP5 (Stevenson-Paulik et al., 2002).
Expression of At IPK2β in tobacco resulted in similar phenotypes
to expression of BnPI-PLC2 in canola (Georges et al., 2009). A
slight increase in growth rate and an increased tolerance to abi-
otic stresses was observed in At IPK2β expressing plants (Yang
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et al., 2008). As previously mentioned, IPK2 the yeast homolog
of At IPK2β, can act as a transcription factor (Odom et al., 2000).
At IPK2β also localizes to the nucleus and, in yeast, complemented
the ipk2 mutation (Xia et al., 2003; Yang et al., 2008) suggesting an
additional role for At IPK2β as a transcription factor. Constitutive
expression of At IPK2β in tobacco increased expression of stress
regulated genes under normal growth conditions, providing evi-
dence that At IPK2β and/or it is inositol phosphate products can
affect transcription in plants (Yang et al., 2008).

A second isoform of At IPK2, At IPK2α, was localized to the PM
and nucleus by GFP fluorescence. Reduction of At IPK2α protein
and transcript by expression of an antisense construct increased
root growth and pollen germination (Xu et al., 2005). The increase
in root growth with decreased At IPK2α expression and increased
growth rate with heterologous expression of At IPK2β demonstrate
that different isoforms of the same enzyme from A. thaliana can
have different effects on growth and development.

Another IPK, A. thaliana inositol (3,4,5) trisphosphate 5/6-
kinase (At ITPK1), has been localized to the plant nucleus by GFP
fluorescence (Qin et al., 2005). Moreover, At ITPK1 was shown to
interact with the nuclear protein complex the COP9 signalosome
(CNS) that controls response to various stresses and developmen-
tal cues in plants. Mutants in At ITPK1 also showed decreased
hypocotyl growth in red light, suggesting a possible need for
the protein kinase or inositol kinase function of the At ITPK1 in
photomorphogenesis.

Further evidence that the PI pathway is involved in develop-
mental patterning comes from studies of PtdIns4P-specific regula-
tion of the stem cell factor Poltergeist (Gagne and Clark, 2010) and
from studies of A. thaliana PIP5K isoforms on root development
(Mei et al., 2011). Whether these phenotypes are related primar-
ily to membrane trafficking, PM signaling or to direct effects on
nuclear regulation requires further investigation.

THE PI PATHWAY AND PLANT HORMONE REGULATION
Growth, development and stress responses are controlled by many
different factors including the growth regulators, auxin, and JA.
Auxin and JA both have nuclear receptors (TIR1 and COI1, respec-
tively) that bind their respective hormones and regulate their
respective transcription factors. Intriguingly, an InsP6 binding site
has been identified in TIR1 and an InsP5 binding site has been
identified in COI1. There are no reports thus far that distinguish
a role for the nuclear PI pathway versus the cytosolic pathway in
generating these inositol phosphates.

Tan et al. (2007) crystallized and solved the structure of TIR1
and found that InsP6 was crystallized with auxin in the binding
pocket. The current hypothesis is that InsP6 is a cofactor for auxin
perception that allows auxin to bind tighter to TIR1. Computer
simulations by Hao and Yang (2010) suggest a structural shift in
the TIR1 receptor that requires InsP6 to stabilize a binding pocket
for auxin. This stabilization also creates a conformational change
in the TIR1 receptor that is favorable for Aux/IAA protein binding,
supporting the hypothesized role for InsP6 in auxin perception of
the TIR1 protein.

The JA pathway-mediated by the COI1 receptor is also regu-
lated by the inositol phosphates. Sheard et al. (2010) identified
InsP4 and InsP5 as cofactors that co-purified with the COI1 and

JAZ9 JA sensing complex. In yeast two hybrid analyses, increased
levels of InsP5 correlated with an increased binding between COI1
to JAZ9. Further experiments tested the effects of InsP5 in planta.
ipk1-1 mutants, which have increased InsP5, showed increased
JA responses to wounding and decreased herbivory (Mosblech
et al., 2011). In contrast, plants expressing human InsP5Tase with
decreased InsP3, InsP5, and InsP6 (Perera et al., 2008), show
decreased JA responses and increased herbivory (Mosblech et al.,
2008). These experiments suggest that in planta, the cellular con-
tent of InsP5 affects the JA pathway through modulation of the
COI1 and JAZ9 interaction. It is interesting that Sheard et al.
(2010) also found activity with InsP4, suggesting a role for InsP4

in vivo, and highlighting the complexity of the inositol phosphate
nuclear code in plants.

POTENTIAL FUNCTIONS OF THE PI PATHWAY IN PLANT
NUCLEI
While studies of the plant PI pathway and DNA repair, recombi-
nation and telomere length have not been reported, we can learn
much from data from other organisms. Inositol phosphates and
inositol pyrophosphates have been identified as major components
of DNA maintenance pathways including repair, recombination
and telomere length. InsP6 binds and regulates the DNA repair
protein complex protein Ku70 (Cheung et al., 2008), which in
turn regulates a non-homologous end joining (NHEJ) complex
(Hanakahi and West, 2002; Ma and Lieber, 2002). Additionally
a direct connection between amount of inositol phosphates and
NHEJ activity was demonstrated (Byrum et al., 2004). Inositol
pyrophosphates have been identified to affect recombination in
yeast. The yeast inositol hexakisphosphate kinase (InsP6K) that
produces InsP7 and InsP8 was first identified as a repressor of
the hyper-recombination phenotype of protein kinase C (kinase
C suppressor 1, KCS1; Huang and Symington, 1994). A func-
tional KCS1 enzyme was shown to be essential for repression of
the hyper-recombination phenotype (Luo et al., 2002) suggesting
that an inositol phosphate product (InsP7, InsP8, Luo et al., 2002;
PP-InsP4 and others reviewed in York, 2006) or another KCS1
enzymatic activity is needed for the repression.

Regulation of telomere length is a crucial part of DNA pro-
cessing in eukaryotes (reviewed in d’ Adda di Fagagna et al.,
2004; reviewed in Smogorzewska and de Lange, 2004; Schmitt
et al., 2007). An elegant set of experiments showed that increasing
PP-InsP4 resulted in decreased telomere length, and decreasing PP-
InsP4 increased telomere length in yeast. These experiments also
showed that when the DNA-PK-like protein Tel1 was mutated, no
inositol phosphate-dependent telomere regulation was observed
(York et al., 2005). Like Te1, human ataxia telangiectasia mutated
(ATM) is also homologous to DNA-PK (Greenwell et al., 1995) and
cells with mutated atm show decreased myo-inositol metabolism
(Yorek et al., 1999). Like yeast and mammals, plants have DNA-
PK homologs, ATM and ATR, which regulate telomere length
and response to NHEJ (Vespa et al., 2005). The DNA-PK fam-
ily of proteins share sequence homology with the PI3K enzymes
(Poltoratsky et al., 1995), suggesting an ancient regulatory role.
Given the conservation of function of ATM homologs in plants,
animals, and yeast, it would not be surprising if plant ATM is
regulated by the nuclear inositol phosphates.
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CONCLUSION
Studies in plants make a compelling argument for a developmen-
tal and regulatory role for the PI pathway in the nucleus. We have
enumerated the PI pathway enzymes and lipid activities associated
with plant nuclei. More sensitive detection methods are needed for
detailed analyses of plant PI pathway lipids and enzymes in both
the cytosolic and nuclear fractions during different developmental
stages and stress responses. Attention to the crosstalk and move-
ment of lipids and enzymes between the discrete subcellular PI
pathways will be critical for future understanding of the role of the
nuclear PI pathway in plants. As demonstrated by the interactions

between inositol phosphates and the nuclear auxin and JA recep-
tors, it is anticipated that future research will uncover additional
plant-specific processes mediated by the nuclear PI pathway.
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Three types of phospholipases, phospholipase D, secreted phospholipase A2, and patatin-
related phospholipase A (pPLA) have functions in auxin signal transduction. Potential linkage
to auxin receptors ABP1 orTIR1, their rapid activation or post-translational activation mech-
anisms, and downstream functions regulated by these phospholipases is reviewed and
discussed. Only for pPLA all aspects are known at least to some detail. Evidence is gathered
that all these signal reactions are located in the cytosol and seem to merge on regulation
of PIN-catalyzed auxin efflux transport proteins. As a consequence, auxin concentration in
the nucleus is also affected and this regulates the E3 activity of this auxin receptor. We
showed that ABP1, PIN2, and pPLA, all outside the nucleus, have an impact on regulation
of auxin-induced genes within 30 min. We propose that regulation of PIN protein activities
and of auxin efflux transport are the means to coordinate ABP1 and TIR1 activity and that
no physical contact between components of the ABP1-triggered cytosolic pathways and
TIR1-triggered nuclear pathways of signaling is necessary to perform this.

Keywords:AUXIN-BINDING-PROTEIN1, auxin signal transduction, patatin-related phospholipase A, phospholipase

D, PIN-FORMED PROTEIN, secreted phospholipase A2,TRANSPORT-INHIBITOR-RESISTANT1

INTRODUCTION
PHOSPHOLIPASES IN PLANTS
Phospholipases hydrolyze phospholipids. They are categorized by
the bonds they hydrolyze, which result in the products diacylglyc-
erol and phosphorylated headgroup by phospholipase C (PLC),
and phosphatidic acid (PA) and headgroup by phospholipase D
(PLD; Meijer and Munnik, 2003; Li et al., 2009). A phospholi-
pase A (PLA) is an acyl hydrolase which hydrolyzes phospholipids
either at the hydroxyl at sn-1 position (phospholipase A1, PLA1) or
at the sn-2 position (phospholipase A2; PLA2). Structurally quite
different enzymes show PLA activity. PLA enzymes in plants are
the small secreted phospholipases A2 (sPLA2; 14 kDa), the soluble
or secreted patatin-related phospholipases A (pPLA; 45 kDa), and
the lipase-like PLA1 (Scherer et al., 2010).

WHAT IS SIGNAL TRANSDUCTION?
Signals activate networks of biochemical reactions typically
located in the cytosol (Figure 1). This is initiated by receptors
which specifically recognize the signal molecules or absorb pho-
tons of a discrete energy (Figure 1). The type of enzymes partici-
pating in such networks is similar if not homologous in eukaryotic
organisms, which means that generalizations can be drawn. Recep-
tor activation first triggers the generation of second messengers
by the activation of suitable enzymes within seconds or minutes.
Whereas in higher animals G-protein-coupled receptors are most
abundant, in plants there is only one G-alpha subunit and the true
G-protein-coupled receptor has not been identified (Jones and
Assmann, 2004). The most abundant type of receptor in plants is

the receptor kinase. Among the enzymes generating second mes-
sengers in plants there are also phospholipases which generate
phospholipid breakdown products as second messengers which,
in plants, are still primarily potential second messengers because
the exact identification of their downstream effectors often is still
incomplete. Many other second messengers in plants have been
established besides those generated by phospholipases. The estab-
lished ones are cytosolic calcium, reactive oxygen species (ROS),
nitric oxide (NO), cGMP, and cADPR, all of which are second mes-
sengers for plants. Furthermore, signal transduction mechanisms
and networks include a number of characteristic enzymes, most
prominently protein kinases and protein phosphatases. Another
important principle in plant signal transduction is regulated prote-
olysis of critical protein by the proteasome. These critical proteins,
which are often negatively acting transduction factors, are ubiq-
uitinated by E3 ligases, and ubiquitinated proteins are hydrolyzed
in the proteasome. Several plant receptors are coupled to or inte-
grated in the ubiquitination and proteolysis machinery (Dreher
and Callis, 2007; Stone and Callis, 2007).

All such mechanisms eventually aim at changing the activity
of transcription factors by a multitude of different mechanisms
(Schütze et al., 2008). These activity changes in transcription fac-
tors then induce long-lasting changes in gene expression and pro-
tein activities, providing new functions, and eliminate or decrease
previous functions in a given tissue. This can usually be described
as a new physiological response or a new status, which then
becomes apparent as a visible change in the plant’s morphology or
development.
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FIGURE 1 |The general model of signal transduction.

It is important to realize what the time course of a biological
response to a signal is. This was recently compared and evaluated
for auxin signal transduction and the two main auxin recep-
tors, ABP1 and TIR1 (Scherer, 2011). Elongation growth is the
most rapid visible auxin response, starting with a lag phase of
10 min. Auxin-activated genes, at the earliest, may contribute after
8–10 min by synthesis of new protein to this most rapid “macro-
scopic”physiological response so that TIR1 can not be the receptor
for such rapid responses. Within this first time span, however, a
considerable number of rapid auxin responses have already been
described, including activation of PLA and PLD activity. These
reactions, starting with hormone binding to the receptor and prior
to transcription comprise, by commonly accepted definition, the
biochemical signal transduction (Figure 1). TIR1 provides the
shortest possible signal transduction since it binds auxin as a
receptor and employs its E3 activity to down-regulate Aux/IAA
transcription factors by inducing hydrolysis in the proteasome
(Mockaitis and Estelle, 2008). Even though an influence on the
transcription of early auxin-induced genes as early as 2–5 min can
be found (Ballas et al., 1993; Abel et al., 1994) these early auxin-
induced genes are unlikely to generate direct physiological changes
because they are transcription factors or they regulate hormone
concentration. Moreover, often the time span for transcriptional
increase of proteins is longer (Calderon-Villalobos et al., 2006).
However, ABP1 and pPLA also influences early auxin-regulated
genes at least as early as after 30 min (Effendi et al., 2011), so the
question arises how the actions of the two receptors may meet or
cooperate.

REVIEW
PHOSPHOLIPASES IN AUXIN SIGNAL TRANSDUCTION
Several phospholipases have been implicated in auxin signaling:
PLD, sPLA2, and pPLA. Data are still incomplete regarding mech-
anistic models and how and whether they can be activated by
a receptor-driven post-translational mechanism. Activation can
also be achieved by transcriptional/translational increase of activ-
ity which, however, is difficult to imagine happening any faster
than within 10 min. Thus, timing is always an important aspect
when analyzing signal transduction.

PHOSPHOLIPASE D AND AUXIN FUNCTIONS
Phospholipases D are a gene family of nine genes in Arabidopsis,
all of which seem to be cytosolic enzymes (Li et al., 2009). Auxin
activation within 1 min of PLD activity led to PA accumulation
(Lanteri et al., 2008). The relevant PLD isoform(s) have not yet
been identified nor the relevant auxin receptor. This PLD activa-
tion was associated with equally rapid NO biosynthesis (Lanteri
et al., 2008). The rapidity of activation kinetics eliminates TIR1 as

the relevant receptor and suggests that ABP1 could be the recep-
tor without proving this directly. For comparison, in abiotic stress
responses, rapid activation kinetics of PLD within 2 min are also
known (van der Luit et al., 2000; den Hartog et al., 2003; de Jong
et al., 2004). Salicylic acid as another biotic signal leads to rapid
PLD activation within 15 min but further details remain unknown
(Krinke et al., 2009). Previously, PLD inactivation by GαGDP and
an ABA receptor postulated to be a G-protein-coupled receptor
was described (Zhao and Wang, 2004; Mishra et al., 2006). Thus,
it seems possible that PLD could be receptor-activated in a post-
translational mode even though the receptors for salicylic acid and
auxin for the PLD pathway remain unknown at this time.

Interestingly, lipids activate PLD (Li et al., 2009). The isoform
PLDδ is activated by oleic acid (Wang and Wang, 2001), and μM
Ca2+ and PIP2 activates the isoforms PLDβ1, PLDγ1, PLDγ2, and
PLDδ (Li et al., 2009). Conceivably, the enzymes generating oleic
acid and PIP2 and calcium increases could be activated/ inacti-
vated by signals, e.g., stress signals (van der Luit et al., 2000; den
Hartog et al., 2003; de Jong et al., 2004). PIP2 biosynthesis is the
end product of phosphorylation by phosphatidylinositide kinases,
but how these could be linked to signals or to auxin signaling in
particular is still unknown.

So, there is no experimental evidence that activation of a pPLA
(or sPLA2) by auxin could provide oleic acid to PLD but it is con-
ceivably a possibility. This would constitute a second pathway to
activate PLD’s in addition to calcium activation of PLD. At this
point, the available evidence is too sketchy to identify a recep-
tor for a clear activation pathway for PLD by auxin, but rapidity
of activation indicates a post-translational activation mechanism
(Figure 2).

Li and Xue (2007) investigated PLDζ2 mutants and found the
enzyme is required for auxin responses. Here, a rapid time course
of the enzymatic reaction in response to auxin was not described.
Vesicle traffic is disturbed in knockout plants while vesicle flow and
PIN cycling are slowed. Auxin sensitivity is decreased in knockout
plants, root gravitropism is decreased, and hypocotyl elongation
at 29˚C is decreased as well. In overexpressing plants, the reverse
phenotype is observed. The total absence of one PLD isoform
might change critical lipid pools affecting membrane-associated
functions so that a constant lack of input of this enzymatic activ-
ity, perhaps in only a few compartments, can possibly evoke such
phenotypes. This means that certain lipids do indeed act as second
messengers. A link to a receptor is not even necessary for PLDζ2
to influence general membrane properties. Regulatory input may
proceed by transcription of PLDζ2, triggered by endogenous or
exogenous cues. The absence of a critical activity which disturbs
lipid pools and membrane functions such as vesicle flow, could be
sufficient (however, see below).

A central theme in signal transduction is calcium. There-
fore, and because there is fragmentary evidence for this, we have
included a “Ca2+/PLD module” in conjunction with the evidence
for calcium in auxin signal transduction in our scheme (Figure 2),
not excluding other calcium functions in auxin signaling (Zhang
et al., 2011). Activation by auxin of calcium influx was shown
(Shishova et al., 2007; Monshausen et al., 2011). A calcium chan-
nel was hypothesized to be an interactor for ABP1 (Shishova
and Lindberg, 2010) so that such a channel could even have the
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FIGURE 2 | Model of functions of phospholipases in auxin signal

transduction. Auxin perception occurs at two receptors, TIR1 (bottom
half) and ABP1 (top half). In the upper half, ABP1 is the relevant receptor
and reactions are assembled which occur faster than in 10 min, like the
activation of phospholipase A and D. Other cytosolic components are also
assembled in this cytosolic signal network even though some of them
hypothetically where a linkage is only suggested. One important output of
the cytosolic network is regulation of PIN protein activity, most likely by
shifting the balance between endocytosis and exocytosis and /or shifting
the subcellular localization of PIN proteins. The protein kinase PINOID is
the main regulatory protein for PIN1, PIN2, and PIN3. Regulation of PIN5
by protein kinase or other cytosolic factors is unknown. How the pPLA
hydrolysis products, fatty acids and lysolipids transmit their activity to
other components is hypothetical. However, if pPLA activities are lacking,
auxin functions are decreased or interrupted. Auxin perception occurs at
the receptor TIR1 in the nucleus which leads to degradation of Aux/IAA

proteins that act as repressors of ARF transcription factors. This initiates
transcription of early auxin-induced genes. Because most early
auxin-induced gene products do not carry out direct physiological reactions
but rather regulate transcription and hormone concentrations gene
products with other physiological functions need at least 10 min to
become effective for physiological changes (Scherer, 2011). ABP1,
AUXIN-BINDING-PROTEIN1; ARF, AUXIN RESPONSE FACTOR; Aux/IAA,
auxin/indoleacetic acid proteins; CDPK, calcium-dependent protein kinase;
CK2, casein kinase2; CPK3, calcium-dependent kinase3; “docking”
protein, hypothetical transmembrane protein and co-receptor to ABP1;
LPX, lysolipid; PA, phosphatidic acid; PDK1, phospholipid-dependent
kinase1; PIN, pin-formed, auxin efflux transporter; PINOID, protein kinase;
pPLA, patatin-related phospholipase A; pPLA-I, patatin-related
phospholipase A-I; PLD, phospholipase D; sPLA2, secreted phospholipase
A2; TIR1/AFB, TRANSPORT-INHIBITOR-RESISTANT1 and homologous
AUXIN UP-REGULATED F-BOX PROTEIN.

role of the hypothetical transmembrane protein (Klämbt, 1990).
However, channel regulation can also be achieved by different
mechanisms, and we favor a receptor kinase as a likely candidate
for the hypothetical transmembrane protein (Figure 2).

A potential upstream integrator for PLD function in auxin sig-
naling could be calcium and a downstream integrator could be
PINOID, the kinase which phosphorylates PIN proteins and acti-
vates auxin transport (Dhonukshe et al., 2010; Huang et al., 2010).
This is depicted as a “Ca2+/PLD module.” PLD can be assumed to
be activated by calcium, which is an activator for isoforms PLDβ1,
PLDγ1, PLDγ2, and PLDδ at μM concentrations. The effect of
calcium on PLDζ2 has not been determined (Li et al., 2009).
PA, the hydrolysis product of PLD, was shown to activate the 3-
phosphoinositide-dependent protein kinase PDK1, which binds to
a hydrophobic PDK1-interacting C-terminal domain in PINOID
and phosphorylates PINOID (Zegzouti et al., 2006): This trans-
phosphorylation increases autophosphorylation of PINOID, lead-
ing to the activation of PINOID. Activation of PINOID leads to
phosphorylation of PIN proteins which, in turn, increases the

basal polarity of PIN proteins and increases the efficiency of auxin
transport (Friml et al., 2004; Michniewicz et al., 2007). Phospho-
rylation of PIN1 and PIN2 by PINOID have been shown and
phosphorylation sites identified (Dhonukshe et al., 2010; Huang
et al., 2010). This potential pathway to influence several auxin
transport-dependent functions by PLDζ2 was already suggested
by Li and Xue (2007); only the bridge to calcium is built here.

In summary, while a function of Ca2+ and PLD in auxin sig-
naling is apparent, a future model will require identification of
receptor(s) and auxin-relevant functions for particular isoforms,
e.g., by investigating mutants. The only PLD isoform investigated
for auxin functions is PLDζ2 but there the relevant receptor is not
known (Lee et al., 2010).

FUNCTIONS OF sPLA2 IN AUXIN SIGNAL TRANSDUCTION
The data on functions of sPLA2 in auxin physiology are mostly
derived from investigations on knockout and overexpressor
mutants. Experimental observations are made after gravitropic
stimulation after hours or after at least several days of seedling
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development so that functional linkage to a receptor is unclear. It
has been shown that sPLA2α knockouts showed reduced elonga-
tion of stems and petioles and both knockouts and overexpressors
were delayed in gravitropic bending of hypocotyls (Lee et al.,
2003). In a more recent investigation, the phenotype of sPLA2α

mutants suggests that they are involved in PIN protein cycling in
roots and, thus, auxin transport regulation (Lee et al., 2010). It
seems quite possible that the metabolites generated by sPLA2α,
free fatty acids (FFAs) and/or lysophospholipids, exert effects on
membrane vesicle transport-related functions which are the basis
for auxin transport.

Time courses of activation of sPLA2α activity by auxin are
not available. The transcriptional increase of RNA after 60 min
by auxin has been reported (Lee et al., 2003). In fact, it is diffi-
cult to imagine how the secreted sPLA2 enzymes can be activated
by a receptor on the extracytosolic side of membranes in Golgi
dictyosomes (Lee et al., 2010). Even though ABP1 is also located
on the extracytosolic side of ER and plasma membrane, there is
no signal transmission paradigm known from the literature to
suggest post-translational activation of an extracytosolic enzyme.
Unfortunately, no enzyme inhibitors are available which can dis-
tinguish between sPLA2 and pPLA and could be used to test
functions depending on either one. Summing up, while defects
in auxin physiology in sPLA2 mutants were described a receptor
cannot be pointed out and transcription/translation seems to be
the mechanism of sPLA2 activation.

SPHINGOLIPIDS AND AUXIN FUNCTIONS
Other work on sphingolipid biosynthesis shows that a decrease to
very long chain fatty acid levels – derived from sphingolipids –
can affect several auxin functions, in particular, auxin-dependent
inhibition of lateral root emergence and an abnormal patterning
of the embryo apex, which leads to defective cotyledon organo-
genesis (Roudier et al., 2010; Markham et al., 2011). Defective
organogenesis is thought to be associated with the mistargeting
of the auxin efflux carrier PIN1 in specific cells, resulting in local
alteration of polar auxin distribution. This is remedied by the addi-
tion of very long chain fatty acids. If very long chain fatty acids or
(sphingo)lipids containing them are necessary for correct auxin
transport, then the absence of the relevant enzyme in biosynthe-
sis or hydrolysis is enough to disturb auxin functions. A link to a
receptor is not necessary and not known here. Furthermore, regu-
lation of expression of such enzymes by (other) signals could have
an impact on phenotypes. Because of the many open questions no
gene/enzyme of sphingolipid metabolism is added to Figure 2.

PATATIN-RELATED PHOSPHOLIPASES A IN AUXIN SIGNAL
TRANSDUCTION
The third group of phospholipases in auxin signal transduction are
the pPLA. In contrast to PLD or sPLA2, receptor-triggered rapid
activation and a post-translational activation mechanism can be
suggested for pPLA’s, and defects in auxin-related functions in
mutants of single isoforms were found. Receptor coupling, post-
translational activation, and linkage to downstream functions are
the hallmark of signal transduction enzymes.

The first report on auxin activating a non-identified PLA activ-
ity was probably on pPLA activation (Scherer and André, 1989).

Later, by using selective inhibitors in physiological and tran-
scriptional experiments (Scherer and Arnold, 1997; Paul et al.,
1998; Holk et al., 2002; Scherer et al., 2007) and characteriza-
tion of knockout mutants (Rietz et al., 2010), we showed that the
auxin-activated PLA activity was a pPLA activity of one or more
isoforms.

The rapid activation kinetics of pPLA activation within 3 min
suggests that ABP1 is the relevant receptor (Scherer, 2011). The
low discrimination between 2,3-D and 2,4-D of pPLA activation
(Scherer and André, 1989; Paul et al., 1998) is reflected in the bind-
ing properties with low discrimination of ABP1 to these auxins
(Ray, 1977).

In order to better understand the potential link between pPLA
and the two receptors ABP1 and TIR1, we chose regulation of
early auxin genes and the artificial auxin-activated gene DR5::GUS
as a response to distinguish between the two receptors (Scherer
et al., 2007). Blocking pPLA activity with two different enzyme
inhibitors blocked both auxin-included DR5::GUS expression and
early auxin-induced genes. TIR1-directed hydrolytic degradation
of IAA17-luciferase hybrid protein, however, was not affected by
the inhibitors. This allowed us to conclude that TIR1 was not
a receptor for pPLA activation and ABP1 was the more likely
receptor relevant for pPLA activation.

COORDINATION OF TWO AUXIN RECEPTORS, ABP1 AND
TIR1, BY PIN PROTEINS CATALYZING AUXIN EFFLUX
TRANSPORT
TESTING RAPID AUXIN-INDUCED GENE REGULATION IN abp1 AND
OTHER MUTANTS INDICATES ABP1 AS RECEPTOR ALSO FOR GENE
REGULATION
The need to decide which receptor could initiate rapid responses
has led to investigations on ABP1. Whereas the homozygous abp1
knockout plants are embryo-lethal (Chen et al., 2001), heterozy-
gous plants are viable and have a phenotype clearly deficient in
physiological auxin responses. An even clearer indicator was, that
auxin-induced gene regulation is disabled as soon as after 30 min
of auxin application in abp1/+ (Effendi et al.,2011). Our data show
that ABP1 regulates early auxin-induced genes just as TIR1 does.
Furthermore, we have found that the pin2/eir1 mutant showed
a high percentage of misregulation of early auxin-regulated genes
including PIN genes (Effendi and Scherer, 2011) inasmuch as they
are regulated by auxin (Vieten et al., 2005). Using quite different
techniques, two other groups have shown in molecular detail that
PIN1 and PIN2 protein activity is regulated by ABP1 but not by
TIR1 within minutes by the slowing of endocytosis (Robert et al.,
2010; Xu et al., 2010).

The main questions remain: if ABP1 and PIN2 (and also TIR1
as a well-known regulator of auxin-induced genes) have a rapidly
established influence on auxin gene regulation, then how can pPLA
be integrated in this? We tested this, quite similarly as before,
by testing early auxin-induced gene regulation in pPLA knock-
out plants of the genes pPLAIIγ, pPLAIIδ, and pPLAIIε (Figure 3;
methods as in Effendi et al., 2011). Of the seven genes tested, two
to five genes were not up-regulated within 30 min. The affected
number of misregulated genes is less than in abp1/+ or pin2/eir1
mutants, but is considerable nonetheless. Along with the data on
auxin-related phenotypes of these three knockout mutants (Rietz
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FIGURE 3 | Regulation of early auxin-induced genes in light-grown

pPLA group II knockouts and corresponding wild-type seedlings.

Description of knockout plants was reported (Rietz et al., 2010). Mutant
seedlings (ppla-IIγ, ppla-IIδ, ppla-IIε) and wild-type seedlings were grown in
MS/2 liquid medium for 7 days under long day conditions. The seedlings
were equilibrated for 4 h in fresh medium and treated either with 1 μM IAA

or with MS/2 liquid medium for 30 min. The results are from four to six
biological treatments with three technical repeats for each measurement.
All other methods are as published (Effendi et al., 2011). Asterisks above
bars indicate significant differences between the mutants and the
corresponding wild-type treatments at *p < 0.05, **p < 0.01, and
***p < 0.001 level following the t -test.
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et al., 2010), this provides a strong argument that pPLA is involved
in auxin signal transduction. These pPLA-II genes themselves were
not regulated by auxin (not shown).

A hypothetical picture emerges where calcium-dependent
processes can be linked to PLD to one “module” and a second
“module” where pPLA is an upstream component, associated with
ABP1 as a receptor. TIR1 is viewed as a third and “nuclear module”
regulated by auxin concentration. Thus our model emphasizes the
regulation of PIN efflux-transport protein-activity by ABP1, which
in turn will regulate cytosolic and/or nuclear auxin concentration,
to which TIR1 reacts accordingly. It would be no surprise if other
auxin transporters, e.g., the AUX1/LAX influx transporters or PGB
auxin efflux transporters, will have to be welded into this concept.

Auxin efflux transport and hormone concentration regulation
coupled to two receptors is the central idea of our new concept for
auxin signal transduction.

IN A TWO RECEPTOR CONCEPT REGULATION OF AUXIN
CONCENTRATION BY PIN PROTEINS IS THE PRINCIPLE THAT COUPLES
AND COORDINATES ABP1 AND TIR1
If our model of coupling ABP1 to gene regulation executed by TIR1
is correct, this means that PIN activities are probably first regulated
at the protein level, and then some of them later at the transcrip-
tional level. Phosphorylation by the AGC3 kinases, among which
PINOID seems to be the most important, leads to endocytosis
inhibition, so more PIN protein remains at the plasma membrane
(Dhonukshe et al., 2010; Huang et al., 2010) leading to rapid stim-
ulation of auxin efflux (Paciorek et al., 2005). This mechanism
also establishes a higher polarity of PIN localization at the basal or
apical end or laterally (Friml et al., 2004; Michniewicz et al., 2007;
Ding et al., 2011; Rakusová et al., 2011) and establishes polarity on
an organ basis (Friml et al., 2003; Michniewicz et al., 2007). Our
model refers only to the single cell situation where fewer PIN pro-
teins – after auxin application – in the plasma membrane lead to
lower efflux activity and the consequently higher cytosolic auxin
concentration, thus exerting control in the nucleus of expression
of TIR1-dependent genes. The multicellular effect of streamlined
polarity of PIN proteins in tissues leading, for instance, to lat-
eral root formation, needs coordination of many more reactions.
Ectopic expression of PIN genes in root hairs showed that PIN1,
PIN2, PIN3, and PIN8 (Ganguly et al., 2010) are the most actively
regulated proteins in their root hair-growth test. As mentioned,
PIN8 is probably not phosphorylated by AGC3 kinase so signal
input into PIN8 regulation remains unclear. PIN2 and PIN3 can
change their cellular polarity, PIN3 within 3 min (Friml et al., 2002;
Harrison and Masson, 2008) which is the basis of tissue responses
relying on polarity, like phototropism and gravitropism. Direct
regulation of transport activity of PIN proteins as a possibility has
not been reported.

PIN5 is different from all other PIN proteins. It is localized
in the perinuclear ER (Mravec et al., 2009) and its expression is
down-regulated by auxin (Mravec et al., 2009; Effendi and Scherer,
2011). PIN8 is expressed both in the ER and the plasma mem-
brane (Mravec et al., 2009; Ganguly et al., 2010). Mravec et al.
(2009) postulated that PIN5 concentrates auxin in the nucleus
by an unknown mechanism; the first experimental evidence for
this hypothesis was provided by Ganguly et al. (2010) in their

root-hair over-expression assay. PIN5 and PIN8 do not posses the
long cytosolic loop which carries the phosphorylation sites for
the AGC kinases (Huang et al., 2010). The function of PIN5 may
be to increase auxin concentration in the nucleus (Mravec et al.,
2009), but the mode of regulatory input is currently unclear, and
the question how an auxin gradient is kept up against the nuclear
pores is – literally – open.

After several hours, auxin-induced changes in expression of
most PIN proteins complicate the interpretation (Vieten et al.,
2005). In contrast, the effect on transport was detectable as rapidly
as after 4 min (Paciorek et al., 2005, Figure 2O), which is in line
both with our predictions in our model in Figure 2 and the previ-
ously suggested model (Effendi et al., 2011). Therefore, only rapid
methods or measurements will show the initial response pattern,
later it may be obscured by additional responses such as transcrip-
tion (Vieten et al., 2005; Braun et al., 2008). Our conclusion is that
ABP1 and these pPLA-II genes are in the same signal transduction
pathway because of the rapid effects on auxin-induced genes in
abp/+ and ppla-II mutants.

UPSTREAM ACTIVATORS AND DOWNSTREAM
CONSEQUENCES OF pPLA ACTIVATION BY AUXIN
PROTEIN KINASES AND OTHER PROTEINS POTENTIAL UPSTREAM
ACTIVATORS OF pPLA
A potential molecular mechanism to activate group II pPLA
enzymes by phosphorylation at the termini has been shown (Rietz
et al., 2010). So far, three group II enzymes have been investi-
gated and all were phosphorylated by CPKs. Two, pPLA-IIδ and
pPLA-IIε, were activated by phosphorylation by CPK3. Auxin-
induced calcium influx could activate CPK3 (Monshausen et al.,
2011). When we inspected the C-termini of all 10 pPLA isoforms,
several potential phosphorylation sites were suggested which,
however, appear to be different for groups II and III enzymes
(Figure 4). Among amino acids of conserved serines in the C-
terminus of group II enzymes, lysines and arginines are abundant
(relative position 30 and 40 in Figure 4), which could fit to the
substrate preferences of basophilic CPKs (de la Fuente van Ben-
tem et al., 2008). The serine at relative position 39 was indeed
phosphorylated by CPK3, which activated pPLA-IIγ and pPLA-
IIε enzymatic activity (Rietz et al., 2010). The conserved serines
at position 29 (Figure 4) in group II enzymes are followed by
two acidic glutamates, which means that this site can be phos-
phorylated by the acidophilic casein kinase2 (de la Fuente van
Bentem et al., 2008). In group III enzymes, the surrounding of
conserved serines/threonines is quite different. The preference
for basic amino acids is much less pronounced (relative posi-
tion 17 and 43) and, conspicuously, proline is associated with
the serine at position 43 (Figure 4). Further upstream, a con-
served serine is present at relative position 6 in Figure 4 in all
10 sequences which, however, does not show any known fea-
tures of substrate peptides of kinases. Thus, multiple pathways
of activation by phosphorylation could be operating on pPLA
enzymes.

Therefore, we integrated both CPK3 and CK2 into the model
upstream of pPLA (Figure 2). CK2 is not known to be acti-
vated by calcium or second messengers (Cozza et al., 2010;
Montenarh, 2010). The ck2 dexamethasone-induced antisense
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FIGURE 4 | Potential phosphorylation sites in the C-termini of pPLA

enzymes. Sequences are aligned to highlight maximize homology. The
number at the beginning of sequences indicates the position of the first amino
acid shown within this sequence.The scale on top is used to refer to positions
of potential phosphorylation sites. Some N-termini are at the right are
deleted. The color code is black for aliphatic or lipophilic amino acids, green for
hydrophilic amino acids, red for acidic amino acids, and blue for basic amino

acids. Serines and threonines are in yellow. Sites with obvious homologous
serines/threonines are underlined. Phosphorylation sites for basophilic CDKs
are K/R-x2-pS-h-D/E, for SnF1-related kinase K/R-x2-K/R-x2-pS, for the
acidophilic CK2 it is pS-D/E-D/E-D/E (de la Fuente van Bentem et al., 2008).
Phosphorylation at relative position 40 was shown with CPK3 in pPLA-IIγ,
pPLA-IIε, and pPLA-IIδ and phosphorylation activated pPLA-IIγ and pPLA-IIε
(Rietz et al., 2010). Other phosphorylation sites are hypothetical.

plants have a pleiotropic auxin phenotype (Marquès-Bueno et al.,
2011). However, one should keep in mind that other targets for
CK2 could exist, e.g., PDK1 phosphorylating PINOID, explain-
ing a pleiotropic auxin phenotype. Therefore, CK2 is also placed
upstream of PDK1 into a different context in Figure 2.

The single group I enzyme, pPLA-I, is the evolutionarily oldest
in the group and does not possess the suggested phosphory-
lation sites as highlighted for the other sequences (Figure 4).
In the N-terminal non-enzymatic domain of this isoform, we
found a region homologous to binding sites of small G pro-
teins and also homologous to parts of importin α (unpublished).
Interestingly, the knockouts of this gene have agravitropic and
aphototropic hypocotyls and many early auxin-induced genes
were not up-regulated by 10 μM auxin after 30 min in ppla-
I knockouts and the overall phenotype of abp1/+ and ppla-I
knockouts are quite similar (Y. Effendi, K. Raddatz, S. Rietz, C.
Labusch, M. Wimalasekera, M. Zeidler, and G.F.E. Scherer, in
preparation). Small G proteins have their place in auxin sig-
nal transduction (Tao et al., 2002, 2005; Wu et al., 2011) and,
more recently, have been associated with ABP1 as the relevant
receptor (Xu et al., 2010). We hypothesize that ABP1 could be
functionally linked to pPLA-I via small G protein(s) (Figures 2
and 4).

pPLA HYDROLYSIS PRODUCTS, FREE FATTY ACIDS AND LYSOLIPIDS
PARTICIPATING IN AUXIN SIGNALING
The hydrolysis products of phospholipases are FFAs and lysophos-
pholipids. Either they themselves or their derivatives should have
a second messenger function. They are postulated to carry out
functions downstream from pPLA in auxin signal transduction.
Metabolites generated by sPLA2 enzymes must be viewed as
equivalent provided they are identical and present in identical
compartments.

Accumulation of lysolipids as a response to auxin treatment
could only be observed at very high auxin concentration (Scherer
and André, 1989; Scherer, 1995; Paul et al., 1998), so that lysolipids

seem not to be potential second messengers for physiological
concentrations of auxin as a signal. Reacylation of lysolipid is quite
active (Schwartze and Roos, 2008), which may explain why LPC
accumulation is found only at high auxin concentrations. That
PLA hydrolysis is followed by rapid conversion, e.g., to acyl-CoA
of FFA or reacylation of lysolipids (Larsson et al., 2007; Schwartze
and Roos, 2008), may be a necessary consequence because both
FFA and lysolipids could be membrane-perturbing substances at
higher concentrations. Reacylation also prevents an overshoot-
ing response to the signal. If the pPLA isoforms preferentially
hydrolyze lipids having a specific fatty acid composition (possi-
bly determined also by the headgroup), it is not an average set
of FFA which is liberated, but a selected mixture of FFAs. This
could be one possibility to provide unique functions to each pPLA
isoform.

DOWNSTREAM EFFECTORS OF FFA AND LYSOLIPIDS COULD BE
LIPID-ACTIVATED OR CALCIUM-ACTIVATED PROTEIN KINASES
In earlier work, lipid regulation of protein kinase and pro-
tein phosphatase was investigated. Knockout mutants or other
mutants were generally not available before about 2000, so
molecular identification of the kinases and phosphatases was
not reported in this early work (reviewed in Scherer, 1996;
Scherer, 2010). A calcium-dependent CPK activity was reported
to be activated by fatty acids, but only in the absence of cal-
cium (Klucis and Polya, 1987; Lucantoni and Polya, 1987). In
as much as AGC kinases have homology to the animal lipid-
activated protein kinase C one might even speculate that AGC
kinases cold be activated by lipids binding to their hydropho-
bic pocket (Frödin et al., 2002; Bögre et al., 2003). We showed
that lysolipids phosphorylate specific proteins in isolated mem-
brane fractions (Martiny-Baron and Scherer, 1989), but lipid
specificity was limited (Scherer et al., 1993), and the relevant
kinases could not be identified. In summary, lipid-activated
protein kinase(s) are an eagerly awaited link in plant signal
transduction.

www.frontiersin.org April 2012 | Volume 3 | Article 56 | 129

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Scherer et al. Phospholipases and auxin signaling

CONCLUSION AND OUTLOOK
The postulate of a regulatory triad, ABP1, TIR1, and PIN pro-
teins (or auxin transport in general, perhaps also catalyzed by
other auxin transporters, respectively), is the novel aspect of our
model. This provides pPLA’s and PLD a place in auxin signal
transduction and several more seemingly disparate topics in auxin
signal transduction can be combined into one model. Regulation
of auxin transport is initiated and conducted by cytosol-based
enzymatic post-translational regulatory reactions. Transcriptional
regulation – initiated by TIR1 – of early auxin-induced genes is
dependent on auxin concentration changes. This makes auxin-
induced gene regulation a third “module” in signal transduction
besides the “Ca2+/PLD model” and the “pPLA module.” Whether,
alternatively, there exists a regulatory pathway from ABP1 more
directly to the nucleus remains open. We envisage regulation of
plasma membrane-located PIN proteins as important in regu-
lating cytosolic auxin concentration (Scherer, 2011). PIN pro-
teins are regulated by endocytosis/exocytosis balances which, in
turn, are regulated by PINOID-catalyzed protein phosphorylation
(Kleine-Vehn and Friml, 2008; Huang et al., 2010).

The potential targets of lysolipids and fatty acids are summa-
rized in Figure 5. The lack of a precise function of fatty acids and
lysolipids in auxin signaling is a tremendous challenge in auxin
lipid signaling to be resolved in future research. CPK activation by
fatty acids is one possibility, as it could lead to phosphorylation

FIGURE 5 | Potential downstream effectors of pPLA or sPLA2

metabolites. Explanations are in the text.

of critical proteins. The second possibility is that desaturated fatty
acids activate PLDδ (Wang and Wang, 2001) and generate PA to
activate PDK1 and, eventually, PINOID (Zegzouti et al., 2006). The
third hypothesis would be that lipidic messengers reach the nucleus
and influence transcription within 10 min (Figure 4), which is a
remote possibility, though its simplicity makes it rather attractive.
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Phospholipase A2 (PLA2) hydrolyzes phospholipids at the sn-2 position to yield lysophos-
pholipids and free fatty acids. Of the four paralogs expressed in Arabidopsis, the cellular
functions of PLA2α in planta are poorly understood. The present study shows that PLA2α

possesses unique characteristics in terms of spatiotemporal subcellular localization, as
compared with the other paralogs that remain in the ER and/or Golgi apparatus during
secretory processes. Only PLA2α is secreted out to extracellular spaces, and its secre-
tion to apoplasts is modulated according to the developmental stages of plant tissues.
Observation of PLA2α-RFP transgenic plants suggests that PLA2α localizes mostly at the
Golgi bodies in actively growing leaf tissues, but is gradually translocated to apoplasts
as the leaves become mature. When Pseudomonas syringae pv. tomato DC3000 car-
rying the avirulent factor avrRpm1 infects the apoplasts of host plants, PLA2α rapidly
translocates to the apoplasts where bacteria attempt to become established. PLA2α pro-
moter::GUS assays show that PLA2α gene expression is controlled in a developmental
stage- and tissue-specific manner. It would be interesting to investigate if PLA2α functions
in plant defense responses at apoplasts where secreted PLA2α confronts with invading
pathogens.

Keywords: phospholipase A2, translocation, apoplast, bacterial infection, subcellular localization

INTRODUCTION
Phospholipase A2 (PLA2) is widespread throughout nature and
stereospecifically catalyzes the hydrolysis of phospholipids at
sn-2 to produce lysophospholipids and free fatty acids, which are
important mediators or precursors in signal transduction path-
ways in animal cells (Schaloske and Dennis, 2006; Burke and
Dennis, 2009). There is evidence that plant PLA2s are also involved
in diverse biological and physiological processes such as senes-
cence, wound healing, elicitor and stress responses, defense against
pathogens, and the induction of secondary metabolite accumula-
tion (Wang, 2001, 2004; Ryu, 2004; Scherer et al., 2007; Seo et al.,
2008; Kirik and Mudgett, 2009; Mansfeld, 2009; Froidure et al.,
2010; Liao and Burns, 2010).

There are four PLA2 paralogs in Arabidopsis: PLA2α, PLA2β,
PLA2γ , and PLA2δ. The paralogs PLA2γ and PLA2δ are expressed
solely in pollen, localized in the endoplasmic reticulum (ER)/Golgi
bodies and ER, respectively, and mediate pollen germination and
tube growth (Kim et al., 2011). PLA2β is localized in the ER and
expressed in different tissues such as young seedlings, elongat-
ing flower stems, and pollen, and it mediates cell elongation,
shoot gravitropism, stomatal opening, and pollen development
(Lee et al., 2003; Kim et al., 2011). Although PLA2α appears to
be ubiquitous in diverse organs (Ryu et al., 2005; Mansfeld and

Ulbrich-Hofmann, 2007; Kim et al., 2011), its temporal and spa-
tial expression dynamics in different tissues and its subcellular
translocation during different developmental stages are unknown.

In this study, we report that PLA2α in Arabidopsis moves from
the ER/Golgi apparatus to the apoplasts as the leaves become
mature, and that PLA2α gene expression is controlled in both a
developmental stage- and organ-dependent manner. Several lines
of evidence suggest that secretory proteins or proteins enhancing
secretory pathways play important roles in plant defense responses
(Wang et al., 2005; Kwon et al., 2008; Sup Yun et al., 2008). Thus,
we examined if the secretion of PLA2α to apoplasts is modulated
by pathogen infection. Interestingly, translocation of PLA2α to
apoplasts was rapidly enhanced in response to the inoculation
of Pseudomonas syringae pv. tomato DC3000 carrying avrRpm1
(Pst-avrRpm1). These observations suggest that PLA2α proteins
secreted into apoplasts in response to bacterial infection may play
a role in host defense responses.

MATERIALS AND METHODS
PLANT MATERIALS AND REAGENTS
Arabidopsis thaliana (Col-0) plants were grown in soil pots at 22◦C,
60% relative humidity, with a 16-h photoperiod and a photon flux
density of 110 μmol m−2 s−1.
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GUS STAINING
For histochemical localization studies, a PLA2α-promoter::GUS
(ProPLA2α::GUS) construct was cloned by incorporating the
PLA2α sequence upstream of the ATG start codon (from −1175 bp
to +3 bp) into the HindIII and BamHI sites of the pBI101 vector.
The resulting plasmids were inserted into Agrobacterium tume-
faciens strain EHA105, which was transformed into Arabidopsis
using the floral dip method as described previously (Bechtold
and Pelletier, 1998). Histochemical GUS assays to show tissue-
specific PLA2α expression at different developmental stages were
performed as previously described (Jefferson et al., 1987). Tis-
sues from ProPLA2α::GUS-transformed plants were immersed in
GUS solution [1 mM X-gluc, 100 mM sodium phosphate buffer
(pH 7.0), 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 10 mM EDTA,
and 0.1% (v/v) Triton X-100] and incubated for 12 h at 37◦C due
to its weak staining. After GUS staining, 100% ethanol was used
to remove the chlorophyll.

SUBCELLULAR LOCALIZATION OF PLA2α-RFP IN ARABIDOPSIS
To investigate the dynamics of PLA2α subcellular localization,
transgenic Arabidopsis plants carrying Pro35S::PLA2α-RFP were
generated (Lee et al., 2010). Leaf tissues from the PLA2α-RFP
transgenic Arabidopsis plants were viewed at different develop-
mental stages using a laser scanning confocal microscope (Meta
system, Zeiss) after incubation in water or 1 N KNO3 for 5 min to
trigger plasmolysis. RFP-fluorescence was excited at 543 nm and
the emitted fluorescence was collected with a band-pass filter at
560–615 nm.

CO-LOCALIZATION ASSAY OF PLA2α-RFP AND ST-GFP
To investigate whether PLA2α-RFP proteins are co-localized with
a Golgi marker ST-GFP, transgenic Arabidopsis plants express-
ing both PLA2α-RFP and ST-GFP were generated (Lee et al.,
2010). Close-to-mature leaves of 3-week-old transgenic plants
were observed with a laser scanning confocal microscope (Meta
system, Zeiss). RFP and GFP fluorescence was detected using at
543/560–615 nm and 488/505–530 nm excitation/emission filter
sets, respectively.

BACTERIAL INOCULATION OF PLANTS
Pseudomonas syringae pv. tomato DC3000 carrying avrRpm1
(Pst-avrRpm1) were obtained from Y. J. Kim (Korea University,
Seoul, Korea). Plants were inoculated by spreading a bacterial
suspension (1 × 108 CFU ml−1 in 0.015% v/v Silwet L-77 and
10 mM MgCl2) onto the adaxial leaf surfaces of Arabidopsis car-
rying Pro35S::PLA2α-RFP. Plants designated as NT were given
no treatment, whereas mock plants were treated with 0.015% v/v
Silwet L-77 and 10 mM MgCl2. All the data presented in this study
were obtained from at least three independent replicates.

RESULTS
HISTOCHEMICAL ANALYSIS OF GUS ACTIVITY OF THE
PLA2α PROMOTER
Although RT-PCR analysis shows that PLA2α transcripts are
present in different parts of Arabidopsis tissues (Kim et al., 2011),
there is little information regarding PLA2α gene expression at
different developmental stages. To elucidate the cell type-specific

expression patterns of the PLA2α gene, transgenic Arabidopsis
lines were generated that expressed the beta-glucuronidase (GUS)
reporter gene under the control of the PLA2α promoter (Figure 1).
GUS activity was detected in the cotyledons, the shoot apex,

FIGURE 1 | Spatial and temporal expression of PLA2α. Spatiotemporal
expression patterns of the PLA2α gene in transgenic Arabidopsis plants
harboring the PLA2α promoter fused with the GUS gene. Promoter activity
was visualized by histochemical GUS staining. (A) Seven-day-old plant. (B)

Fourteen-day-old plant. (C) Three-week-old plant. (D) Flower cluster, cauline
leaf, and stem of a 5-week-old plant. (E–H) Carpels and developing siliques
of a 5-week-old plant. (I) Pedicel of the control transgenic plants harboring
the 35S promoter fused with the GUS gene. (J) Root of a 6-week-old plant.
Bars = 2 mm.
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FIGURE 2 | Subcellular localization of PLA2α at different leaf ages

in PLA2α-RFP transgenic Arabidopsis plants. (A,B) Epidermal cells
in pre-mature leaf tissues (A) and mature leaf tissues (B) from
Pro35SPLA2α-RFP transgenic Arabidopsis plants (4-week-old) were viewed
using confocal microscopy. (C) Mature leaf tissues were incubated in 1 N
KNO3 to induce plasmolysis before being viewed with confocal microscopy.

The slightly decreased clarity of images in (C) appears to result from
the diffusion of PLA2α-RFP into the expanded apoplasts due to
plasmolysis. White arrows in (C) indicate the plasmolyzed plasma
membrane, whereas black arrows indicate extracellular spaces. Fluorescent
(top), bright field (middle), and merged images (bottom) are presented.
Bars = 20 μm.

the hypocotyl, and the vascular tissues of 7-day-old germinated
seedlings (Figure 1A). Strong GUS activity was detected in the
shoot apex in 14-day-old seedlings and 3-week-old plants, and
was preferentially expressed in young leaves rather than old leaves
(Figures 1A–C). No GUS activity was detected in the roots at
this stage. In 5-week-old plants, GUS expression was found in the
cauline leaves, sepals, styles, and pedicel of reproductive tissues
(Figure 1D). The apical end of the pedicel is particularly dark-
stained, apparently due to its thickened cell tissues based on a
comparison with the GUS staining of the control transgenic plants
harboring the 35S promoter fused with the GUS gene (Figure 1I).
In plants transformed with ProPLA2α::GUS, GUS expression was
also detected in the developing siliques (Figures 1E–H) and in the
main roots of flowering plants (Figure 1J). Taken together, these

data indicate that PLA2α gene expression is controlled in a unique
developmental stage- and tissue-specific manner.

SUBCELLULAR LOCALIZATION OF PLA2α

Lee et al. (2010) reported that fluorescence signals for PLA2α-
fusion proteins were observed at the Golgi apparatus of root
hair cells. However, Froidure et al. (2010) showed time-dependent
localization of PLA2α using a transient expression system incor-
porating N. tabacum. The YFP reporter fused with PLA2α was
detected in cytoplasmic vesicles around the nucleus 36 h after
agroinfiltration to tobacco leaves, and was detected at the extra-
cellular spaces outside the cells at a later time point (48 h after
agroinfiltration). To resolve these inconsistencies, we investigated
in more detail the subcellular localization of PLA2α by analyzing
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FIGURE 3 | Co-localization of PLA2α-RFP with ST-GFP, a Golgi body

marker. Close-to-mature leaves of transgenic Arabidopsis plants expressing
both PLA2α-RFP and ST-GFP were observed with a laser scanning confocal

microscope. PLA2α-RFP signals are mostly overlapped with ST-GFP, a Golgi
body marker. ST-GFP (A), PLA2α-RFP (B), bright field (C), and merged image
(D) are presented. Bar = 20 μm.

the fluorescence of fusion proteins in transgenic plants carrying
Pro35S::PLA2α-RFP. The leaves of 4-week-old PLA2α-RFP trans-
genic seedlings were viewed using a laser scanning confocal
microscope. The results showed that the subcellular localization
of PLA2α was dependent on the developmental stages of leaf tis-
sue. PLA2α-RFP fusion proteins were present primarily at the
Golgi apparatus in pre-mature young leaves (Figure 2A), whereas
in mature leaves, they were detected primarily in the apoplasts
(Figure 2B). Even after cell plasmolysis was induced by treatment
with 1 N KNO3 for 5 min, the PLA2α-RFP signal remained in
the extracellular spaces or diffused into the gap between the cell
wall and the plasma membrane that is induced by plasmolysis
(Figure 2C). These results indicate that PLA2α is indeed localized
in the apoplasts of mature leaves.

CO-LOCALIZATION OF PLA2α WITH A GOLGI MARKER
As secretion of proteins to apoplasts is known to occur through ER
and Golgi bodies, PLA2α-RFP signals were mostly detected at the
Golgi bodies in pre-mature young leaves (Figure 2A). However,
the fluorescent spots become gradually bigger as the leaves become

mature, leading us to suspect that they may be other cellular
organelles. To investigate if the big PLA2α fluorescent spots are
real Golgi bodies, we performed co-localization assay of PLA2α

with a Golgi body marker, sialyltransferase (ST). Close-to-mature
leaves of transgenic Arabidopsis plants expressing both PLA2α-RFP
and ST-GFP were observed with a laser scanning confocal micro-
scope. As shown in Figure 3, big spots of PLA2α-RFP signals
are mostly overlapped with the spots of a Golgi body marker (ST-
GFP), confirming that PLA2α is localized in Golgi apparatus before
secretion to the apoplasts. We found that the apparent big size spots
result from aggregation of several Golgi bodies and strong bright-
ness of RFP-fluorescence. Aggregation of Golgi bodies appears to
be gradually enhanced as the leaves become mature.

PLA2α TRANSLOCATES TO APOPLASTS IN RESPONSE TO THE
INOCULATION OF AVIRULENT BACTERIA
As leaves become mature, PLA2α is secreted into the apoplast,
where it generates its lipid products, lysophospholipids and free
fatty acids. The lipid products have been suggested to function as
bio-active molecules that mediate a variety of cellular processes.
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FIGURE 4 |Translocation of PLA2α to apoplasts was enhanced by the

inoculation of bacteria, Pst-avrRpm1, in pre-mature young leaves. (A–C)

Images showing increased fluorescence intensity and vesicle sizes followed
by the translocation of PLA2α to apoplasts at 3 h post-inoculation of

Pst-avrRpm1 (C) compared to the no-treatment control (A) and 0.015%
Silwet/10 mM MgCl2-treated mock (B) in pre-mature young leaves where
PLA2α is normally localized primarily in Golgi bodies. Fluorescent (top), bright
field (middle), and merged images (bottom) are presented. Bars = 20 μm.

Apoplasts are an important site for the interaction of plant cell
defense mechanisms with invading bacteria, which attempt to
become established in the apoplasts. If PLA2α positively partic-
ipates in defense responses to pathogen attack, we hypothesized
that its translocation to the apoplasts would be enhanced when
pathogens are inoculated. As speculated, the translocation of
PLA2α to the apoplasts was enhanced at 3 h post-inoculation
of avirulent bacteria, Pst-avrRpm1, in young leaves (Figure 4C)
and in close-to-mature leaves (Figure 5C), as compared to non-
treated controls (NT) and 0.015% Silwet/10 mM MgCl2-treated
mocks (Figures 4A,B and 5A,B).

DISCUSSION
PLA2α is expressed in a tissue- and developmental stage-specific
manner in Arabidopsis plant tissues. Relatively strong activities of
the PLA2α promoter were observed in actively growing seedlings
and young leaves. Expression decreased slightly as leaves became
mature. This expression pattern of PLA2α is different from that

of PLA2β, which is expressed at a very low level in the mature
leaves (Lee et al., 2003). This pattern of expression is also observed
in the cauline leaves of the inflorescence stems, which display
strong expression of PLA2α but low expression of PLA2β. At the
young seedling and reproductive organ developmental stages, both
PLA2 paralogs display similar expression patterns; strong expres-
sion in actively growing tissues and reproductive organs such as
sepals, pedicels, and styles of open flowers, but low expression
in petals, stigmas, and ovaries. Expression of both PLA2 par-
alogs was detected in developing siliques but not in maturing
seeds. However, PLA2α was not expressed in pollen tissues, in
contrast to the strong expression of PLA2β. In the root, PLA2α

was expressed at the late stages of growth, whereas PLA2β was
expressed in roots from seedling stages (Lee et al., 2003). These
results suggest that PLA2α and PLA2β may play a role in plant
growth and development in harmony with holding their own
cellular roles at the different cellular localization and expressing
tissues.
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FIGURE 5 | Enhanced translocation of PLA2α to apoplasts in response to

the inoculation of Pst-avrRpm1 in close-to-mature leaves. (A–C)

Significant enhancement of PLA2α translocation to apoplasts was observed
at 3 h post-inoculation of Pst-avrRpm1 (C) compared to the no-treatment

control (A) and 0.015% Silwet/10 mM MgCl2-treated mock (B) in
close-to-mature leaves where PLA2α is already detected at a low level in the
apoplasts. Fluorescent (top), bright field (middle), and merged images
(bottom) are presented. Bars = 20 μm.

Arabidopsis PLA2 genes encode proteins with N-terminal sig-
nal peptides, which are predicted to be secreted via ER and
Golgi bodies to apoplasts and/or vacuoles. PLA2β has a KTEL
sequence at its C-terminus, which is similar to the canoni-
cal ER-retention signal KDEL, and was shown to be localized
in the ER (Seo et al., 2008). The PLA2γ and PLA2δ isoforms,
which are solely expressed in pollen, are localized in the ER
and/or Golgi (Kim et al., 2011). PLA2β, PLA2γ , and PLA2δ,
which share high sequence homologies with each other, are
expressed during pollen growth and development and play criti-
cal roles during pollen germination and tube growth (Kim et al.,
2011). In contrast to PLA2γ and PLA2δ, PLA2β is expressed
in tissues such as actively growing leaves and elongating stems,
and regulates shoot cell elongation and stem gravitropism,
likely as a downstream component of auxin signaling (Lee
et al., 2003). In addition, PLA2β is expressed in guard cells in
response to light and modulates light-induced stomatal opening
(Seo et al., 2008).

PLA2α localizes primarily at Golgi bodies in actively growing
young leaves but translocates to apoplasts as the leaves become
mature. In root tissues, PLA2α localizes at Golgi bodies (Lee et al.,
2010). Localization of PLA2α in Golgi bodies was confirmed by
co-localization assay with a Golgi body marker. Studies in ani-
mal cells indicate that lysophospholipids, which are generated by
PLA2, modulate retrograde trafficking and the cisternal structure
of the Golgi complex by modifying membrane tubule formation
(de Figueiredo et al., 1998; Brown et al., 2003). As in animal cells,
PLA2 at Golgi bodies in plant cells may play an important role in
the intracellular trafficking of proteins. Membrane fusion, forma-
tion, and intracellular trafficking at the Golgi bodies are prominent
processes during active growth stages of plant tissues. Consistent
with this hypothesis, Golgi-localized PLA2α in root hairs appeared
to act in the trafficking of PIN proteins (Lee et al., 2010). In
actively growing young leaf tissues, PLA2α localized at Golgi bod-
ies may facilitate growth and development by mediating vesicular
trafficking.
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Once leaf tissues are mature, PLA2α translocates to the
apoplasts by way of Golgi bodies. Among the four Arabidopsis
PLA2 paralogs, only PLA2α translocates to the apoplasts of mature
leaves. The reason for PLA2α movement from ER and Golgi bodies
to apoplasts in the mature leaves is unknown. It could be specu-
lated that as leaves are mature the demand for PLA2α activity
diminishes in ER and Golgi bodies since the demand for vesicular
trafficking for active growth decreases. If so, PLA2α may rather
translocalize to the apoplasts, probably, in order to fulfill some
other mission in the apoplasts of the mature leaves. Translocation
of PLA2α is supported by its unique enzyme characteristics. The
optimal pH range for PLA2α activity is quite broad compared with
other PLA2 paralogs, from pH 6 to 11 (Lee et al., 2005), so that
PLA2α may fully be functional not only in the ER and Golgi bodies
but also in the apoplasts. In contrast, PLA2β, which is localized in
the ER, has a narrow range of optima from pH 6 to 7, whereas
PLA2γ and PLA2δ, which are localized in the ER/Golgi bodies and
ER of pollens, respectively, have optima at pH 7–9 and pH 8–9,
respectively (Lee et al., 2005).

Structurally, apoplasts are formed by a continuation of the
cell walls of adjacent cells and the associated extracellular spaces.

The apoplast is important for a plant’s interaction with the envi-
ronment and microbes. The apoplast is also a site for cell-to-cell
communication. Therefore, we examined the dynamics of PLA2α

secretion to apoplasts in response to bacterial attack. When Pst-
avrRpm1 infects host plants, the pathogens cannot enter into the
cytoplasm but remain in the apoplasts and attempt to become
established. Our results indicate that PLA2α rapidly translocates
to apoplasts in response to pathogen invasion. These data prompt
us to speculate that PLA2α may play a certain role in the apoplasts,
where host cells confront invading pathogens. Thus, it would be
of interest to investigate the role of PLA2α in a variety of cellular
processes, including host defense responses to pathogen attacks.
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Oxylipins are lipid-derived compounds, many of which act as signals in the plant response to
biotic and abiotic stress.They include the phytohormone jasmonic acid (JA) and related jas-
monate metabolites cis-(+)-12-oxo-phytodienoic acid (cis-OPDA), methyl jasmonate, and
jasmonoyl-L-isoleucine (JA-Ile). Besides the defense response, jasmonates are involved
in plant growth and development and regulate a range of processes including glandular
trichome development, reproduction, root growth, and senescence. cis-OPDA is known to
possess a signaling role distinct from JA-Ile.The non-enzymatically derived phytoprostanes
are structurally similar to cis-OPDA and induce a common set of genes that are not
responsive to JA in Arabidopsis thaliana. A novel role for cis-OPDA in seed germination
regulation has recently been uncovered based on evidence from double mutants and feed-
ing experiments showing that cis-OPDA interacts with abscisic acid (ABA), inhibits seed
germination, and increases ABA INSENSITIVE5 (ABI5) protein abundance. Large amounts
of cis-OPDA are esterified to galactolipids in A. thaliana and the resulting compounds,
known as Arabidopsides, are thought to act as a rapidly available source of cis-OPDA.

Keywords: oxylipins, jasmonates, 12-oxo-phytodienoic acid, jasmonic acid, phytoprostanes, seed germination, seed

dormancy, lipid signaling

SYNTHESIS OF OXYLIPINS
Oxylipins are a diverse group of lipid-derived signaling com-
pounds that are generated following oxidation of polyunsaturated
fatty acids (PUFAs) such as linoleic acid (18:2), octadecatrienoic
acid (18:3n-3), and hexadecatrienoic acid (16:3n-3; Wasternack,
2007; Mosblech et al., 2009; Wasternack and Kombrink, 2010).
These fatty acids are released from plastidial membrane lipids
by lipases including DEFECTIVE IN ANTHER DEHISCENCE1
(DAD1) and DONGLE (DGL; Ishiguro et al., 2001; Hyun et al.,
2008; Ellinger et al., 2010) and are subsequently oxidized by
lipoxygenases (LOX) to form hydroperoxides (Vick and Zimmer-
man, 1983; Bell et al., 1995). As shown in Figure 1, the octade-
canoid pathway in Arabidopsis thaliana that gives rise to jasmonic
acid (JA), initiates in the plastid with the oxidation of octade-
catrienoic acid (18:3n-3) by 13-lipoxygenase (13-LOX) to form
13-hydroperoxylinolenic acid. This is then acted on by allene oxide
synthase (AOS) and allene oxide cyclase (AOC) to give cis-(+)-12-
oxo-phytodienoic acid (cis-OPDA). cis-OPDA then travels via the
cytosol to the peroxisome with uptake into this organelle being
mediated, at least in part, by the ATP binding cassette (ABC)
transporter protein, COMATOSE (CTS; Theodoulou et al., 2005).
Once in the peroxisome cis-OPDA is reduced (Sanders et al., 2000;
Schaller et al., 2000; Stintzi and Browse, 2000) and activated to the
CoA ester (Schneider et al., 2005; Koo et al., 2006; Kienow et al.,
2008) prior to undergoing three rounds of β-oxidation to form JA
(Cruz Castillo et al., 2004; Pinfield-Wells et al., 2005; Schilmiller
et al., 2007; Figure 1).

In addition to the action of AOS on plastidial fatty
acid hydroperoxides, they are also cleaved by hydroperoxide
lyases (HPLs) to produce C6-aldehydes such as (2E)-hexenal,

(3Z )-hexenal and their volatile derivatives termed collectively as
green leaf volatiles (GLVs; Chehab et al., 2008). HPL and AOS
compete for hydroperoxide substrates and it has been shown that
JA and cis-OPDA accumulation are reduced upon HPL overex-
pression (Chehab et al., 2008). These authors also showed that JA
is involved in the direct defense response while the GLV hexenyl
acetate mediates the indirect defense response. Moreover, HPL
activity is not indispensable for normal growth, development, or
defense since it has been shown that functional HPL activity is
absent in the A. thaliana ecotype Col-0 (Duan et al., 2005).

A third branch of the oxylipin biosynthetic pathway originating
from plastidial hydroperoxides originates through the activity of
divinyl ether synthases that produce divinyl ether oxylipins which
have also been shown to play a role in plant defense in a number
of systems (Weber et al., 1999; Itoh and Howe, 2001). However,
Eschen-Lippold et al. (2010) have more recently reported that
oxylipins resulting from the action of divinyl ether synthase are
not required for the R-gene-mediated resistance in potato.

While much is known about the physiological role of JA and the
mechanistic basis of how jasmonate signaling operates (Browse,
2009), much less is understood about the biological functions
of the other oxylipins. This mini-review will summarize recent
developments in our understanding of the role played by the JA
precursor cis-OPDA and the structurally similar phytoprostanes,
which are synthesized by a non-enzymatic route.

A DISTINCT ROLE FOR cis-OPDA IN PLANT SIGNALING
cis-OPDA, JA, JA-Ile, and methyl jasmonate (MeJA) are collectively
referred to as jasmonates which in addition to the involvement in
the response to stress also play a role in regulating processes such as
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FIGURE 1 | Oxylipin biosynthesis pathway and signal transduction in

Arabidopsis thaliana. JA biosynthesis initiates in the plastid with release
of octadecatrienoic acid or hexadecatrienoic acid from membrane lipids
by lipases such as DAD1 and DGL. cis-OPDA and dn-OPDA are formed
following sequential steps catalyzed by 13-LOX, 13-AOS, and AOC.
cis-OPDA is transported to the peroxisome via the CTS transporter, where
after reduction by OPR3, OPC-8:0 is formed. This is activated to its CoA
ester by OPCL1, which then undergoes three rounds of β-oxidation
catalyzed by ACX, KAT, and MFP to give (+)-7-iso-JA. JAR1 catalyzes
formation of the amino acid conjugate JA-Ile from JA in the cytosol, which
is the active form of the hormone involved in JA signaling. JAZ proteins
repress expression of JA-responsive genes. In response to JA-Ile, the JAZ
proteins are targeted by SCFCOI1 for degradation, thus leading to
JA-dependent gene expression and ultimately the regulation of various

physiological processes. The model proposes formation of the COI1-JAZ
complex in the nucleus. cis-OPDA’s regulation of gene expression can be
COI1-dependent or COI1 independent, although cis-OPDA has not been
shown to promote binding of COI1 and JAZ. Enzyme names are shown in
red. Dashed arrows indicate route to JA biosynthesis via dn-OPDA, where
these steps are yet to be proven experimentally. DAD1, DEFECTIVE IN
ANTHER DEHISCENCE1; DGL, DONGLE; 13-LOX, 13-lipoxygenase;
13-AOS, 13-allene oxide synthase; AOC, allene oxide cyclase; OPR3,
12-oxophytodienoate reductase3; OPCL1, OPC-8:CoA ligase1; CTS,
COMATOSE; ACX, acyl CoA oxidase; KAT, 3-l-ketoacyl-CoA-thiolase; MFP,
multifunctional protein; JA, jasmonic acid; cis-OPDA,
cis-(+)-12-oxo-phytodienoic acid; dn-OPDA, dinor-oxo-phytodienoic acid;
JA-Ile, jasmonoyl-L-isoleucine; COI1, CORONATINE-INSENSITIVE1; JAZ,
jasmonate ZIM domain.

root growth, tendril coiling, senescence, glandular trichome devel-
opment, and reproduction (Staswick et al., 1992; Feys et al., 1994;
Xie et al., 1998; Li et al., 2004; Balbi and Devoto, 2008; Wasternack
and Kombrink, 2010). By far the best characterized jasmonate sig-
naling mechanism is the transcriptional control of JA-responsive
genes. JA is conjugated to amino acids in A. thaliana by an enzyme
encoded by JAR1 (Staswick and Tiryaki, 2004). One such conju-
gate, jasmonoyl-l-isoleucine (JA-Ile), rather than JA or cis-OPDA
plays the crucial role in transcriptional control via the jasmonate
ZIM domain (JAZ) repressor proteins (Chini et al., 2007; Thines
et al., 2007; Yan et al., 2007). JA-Ile promotes binding of the

F-box protein CORONATINE-INSENSITIVE1 (COI1) and JAZ
proteins resulting in the degradation of JAZ proteins by the 26S-
proteasome (Chini et al., 2007; Thines et al., 2007). A cytochrome
P450 encoded by CYP94B3 metabolizes JA-Ile to 12OH-JA-Ile
(Kitaoka et al., 2011; Koo et al., 2011; Heitz et al., 2012) which
is less effective than JA-Ile at promoting COI1-JAZ binding (Koo
et al., 2011), thus suggesting a role for this enzyme in the inacti-
vation of JA-Ile and attenuation of the jasmonate response (Koo
et al., 2011). An additional enzyme,CYP94C1 is also involved in the
oxidative catabolism of JA-Ile, by converting it to 12COOH-JA-Ile
(Heitz et al., 2012).
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That signals other than JA-Ile are involved in oxylipin sig-
naling was suggested through the use of a mutant defective in
12-oxophytodienoate reductase3 (opr3), which is compromised in
the conversion of cis-OPDA to JA (Stintzi et al., 2001), yet it still
undergoes a defense response. Treating the opr3 mutant with cis-
OPDA revealed two separate downstream signaling pathways, one
dependent on COI1 and the other independent (Stintzi et al.,
2001). In the case of the A. thaliana defense response, JA, and
cis-OPDA appear to act in concert to fine tune the expression of
defense genes. However, in other cases the roles of JA and cis-
OPDA are distinct as demonstrated for example by the fact that
the male sterility phenotype of opr3 is rescued by JA but not cis-
OPDA (Stintzi and Browse, 2000). A recent publication reports
that opr3 is not a complete null mutant and concludes that the
defense response displayed by opr3 plants against a necrotrophic
fungus is likely due to JA and not cis-OPDA (Chehab et al., 2011).
Nevertheless, data from other publications do strongly suggest
that cis-OPDA is capable of distinct signaling (Weiler et al., 1993;
Blechert et al., 1999; Taki et al., 2005; Mueller et al., 2008; Ribot
et al., 2008; Böttcher and Pollmann, 2009; Dave et al., 2011; Schäfer
et al., 2011). In the tendril coiling response of Bryonia dioica,
(Weiler et al., 1993; Blechert et al., 1999), the cis-OPDA-methyl
ester acts faster and requires a much lower concentration than
MeJA to elicit the response (Weiler et al., 1993). Taki et al. (2005)
showed that in addition to a set of genes whose expression is
induced by both JA and cis-OPDA, a subset of 157 of the 21,500
genes analyzed were found to be induced by cis-OPDA but not JA
or MeJA. Half of these cis-OPDA-specific response genes (ORGs)
were induced by wounding but their regulation was found to be
COI1 independent (Taki et al., 2005). Similarly, the PHO1;H10
gene in A. thaliana which is induced by various abiotic and biotic
stresses, responds to cis-OPDA application, but not JA and in this
case the effect of cis-OPDA is COI1-dependent (Ribot et al., 2008).

While a number of signaling roles have been demonstrated for
cis-OPDA, the 16 carbon homolog dinor-oxo-phytodienoic acid
(dn-OPDA) which is synthesized from hexadecatrienoic acid via
a parallel hexadecanoid pathway (Weber et al., 1997; Acosta and
Farmer, 2010; Figure 1) has not as yet had any signaling function
ascribed.

cis-OPDA AS A NEW PLAYER IN SEED GERMINATION
CONTROL
We recently uncovered an additional role for cis-OPDA when
investigating the mechanism by which the ABC transporter
COMATOSE (CTS) regulates germination potential in A. thaliana
(Dave et al., 2011). The severely impaired germination pheno-
type of cts mutants is also observed in other mutants that are
compromised in peroxisomal β-oxidation, including kat2, acx1
acx2, and csy2 csy3 (Pinfield-Wells et al., 2005; Pracharoenwattana
et al., 2005; Footitt et al., 2006). Since JA synthesis is dependent
on the uptake of cis-OPDA into peroxisomes (Acosta and Farmer,
2010) and three rounds of peroxisomal β-oxidation (Cruz Castillo
et al., 2004; Pinfield-Wells et al., 2005; Schilmiller et al., 2007)
we analyzed oxylipin levels in mutant seed to establish if there is
any correlation with germination potential. Surprisingly, we found
elevated levels of not only cis-OPDA but also JA and JA-Ile in the
cts and β-oxidation mutants compared to wild type. Previously,

we had quantified JA in wounded and unwounded leaves of the
cts mutant and found that although levels were reduced relative to
wild type they were still quantifiable, suggesting that while the CTS
transporter is involved in peroxisome import, another transport
mechanism such as ion trapping may also operate (Theodoulou
et al., 2005). Analysis of developing seeds revealed that the oxylip-
ins accumulate during late seed maturation and double mutant
analysis revealed that cis-OPDA rather than JA or JA-Ile con-
tributes to the block in seed germination in A. thaliana (Dave
et al., 2011). Seed treatments revealed that cis-OPDA is much
more effective than JA at inhibiting wild type seed germination
and this effect is independent of COI1 but synergistic with the seed
germination antagonist, abscisic acid (ABA). The ABA INSENSI-
TIVE5 (ABI5) locus rescues the impaired germination phenotype
of ped3, an allele of cts (Kanai et al., 2010). Consistent with these
observations we found that cis-OPDA treatment increased ABI5
protein abundance in a manner that parallels the inhibitory effect
of cis-OPDA and cis-OPDA + ABA on seed germination. Previ-
ous results from our laboratory showed that ABI5 is expressed
specifically in the micropylar region of the single cell endosperm
layer through which the radicle has to emerge for germination to
proceed in A. thaliana (Penfield et al., 2006). The work of Kanai
et al. (2010) highlights the correlation between ABI5 transcripts
and those encoding polygalacturonase inhibiting proteins (PGIPs)
which reduce cell wall pectin degradation. Thus we can propose
a mechanism by which cis-OPDA together with ABA controls
protein levels of the ABI5 transcription factor and this in turn
regulates abundance of the PGIPs at the micropylar region of the
endosperm, and in so doing determines whether or not the radicle
can break through the endosperm barrier leading to seed germi-
nation. Our work is now focused on elucidating the mechanism by
which cis-OPDA operates to control levels of proteins such as ABI5
and what regulates cis-OPDA levels in developing wild type seeds.

CHEMICALLY REACTIVE CYCLOPENTENONE OXYLIPINS
Various stress stimuli, such as wounding and pathogen infection,
result in the activation of biosynthetic enzymes responsible for
accumulation of cis-OPDA and JA (Wasternack, 2007; Mosblech
et al., 2009). In addition to this enzymatic route, a non-enzymatic
route for oxylipin formation triggered by reactive oxygen species
(ROS) and free radicals also operates to produce an array of oxi-
dized lipids including phytoprostanes and hydroxy fatty acids
(Imbusch and Mueller, 2000; Mosblech et al., 2009). Phyto-
prostanes and cis-OPDA are structurally similar cyclopentenones
that contain a chemically reactive α,β-unsaturated carbonyl struc-
ture that can bind to free thiol groups and modify cellular proteins.
This has led to their classification as reactive electrophilic species
(RES) and it has been proposed that this RES subgroup of oxylip-
ins induce a common cluster of defense genes (Almeras et al.,
2003; Weber et al., 2004; Farmer and Davoine, 2007) but other
reports indicate that chemical reactivity and gene expression do
not always correlate (Mueller et al., 2008). Microarray analysis in A.
thaliana has shown that phytoprostanes and cis-OPDA induce the
expression of genes associated with cellular detoxification, stress
responses, and secondary metabolism with 60 and 30% of the
genes induced by phytoprostanes and cis-OPDA respectively being
dependent on the basic leucine zipper containing TGA class of
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transcription factors in A. thaliana (Mueller et al., 2008; Mos-
blech et al., 2009). JA, which is a cyclopentanone and much less
chemically reactive, does not induce this same group of genes.
Furthermore, there was no significant overlap observed between
the cyclopentenone oxylipin regulated genes described by Mueller
et al. (2008) and genes altered in expression in cts developing seeds
that have high levels of both JA and cis-OPDA (Dave et al., 2011).
Much remains to be done to establish the details of how these var-
ious oxylipins are perceived and how the resulting signals elicit the
variety of observed responses.

ARABIDOPSIDES
Galactolipids containing esterified cis-OPDA and dn-OPDA have
been found in A. thaliana and some other related species of the
genus Arabidopsis, and these complex lipids are referred to as Ara-
bidopsides (Stelmach et al., 2001; Hisamatsu et al., 2003, 2005;
Andersson et al., 2006; Buseman et al., 2006; Böttcher and Weiler,
2007; Kourtchenko et al., 2007). A number of Arabidopsides have
been identified and named according to the position at which
cis-OPDA is found esterified to the monogalactosyl diacylglyc-
erol (MGDG) or digalactosyl diacylglycerol (DGDG) instead of
the fatty acyl moiety. For example Arabidopside A and Arabidop-
side C are MGDG and DGDG derivatives respectively containing
cis-OPDA esterified at positions sn-1 and dn-OPDA at sn-2 posi-
tions (Hisamatsu et al., 2003, 2005). Arabidopsides are reported to
accumulate following wounding of leaves (Buseman et al., 2006;
Böttcher and Weiler, 2007; Kourtchenko et al., 2007). Kourtchenko
et al. (2007) also demonstrated that Arabidopsides accumulate
during the hypersensitive response to bacterial pathogens. More-
over, they show that in both the wounding and hypersensitive
responses, Arabidopside formation is dependent on intact JA sig-
naling as levels of Arabidopsides are severely reduced in the coi1
and jar1 mutants compared to wild type following the two stimuli.
Recently Vu et al. (2012) have reported that the basal composition
of these complex oxidized lipids is different from those that are
formed following various stress treatments. Based on the rapid
and large increase in Arabidopsides following wounding, Buseman
et al. (2006) hypothesize that galactolipids are the substrates of
cis-OPDA/dn-OPDA synthesizing enzymes rather than free fatty
acids being converted to cis-OPDA/dn-OPDA and then esteri-
fied to the galactolipids. This suggests that enzymes involved in
cis-OPDA/dn-OPDA biosynthesis can act not only on free fatty
acids, but also on lipid-bound fatty acids.

A number of functions have been described for Arabidopsides.
It has been hypothesized that they may function as a storage pool
that could release cis-OPDA for direct signaling or as a substrate for
production of JA (Kourtchenko et al., 2007; Ibrahim et al., 2011).
Stelmach et al. (2001) have shown that cis-OPDA at the sn-1 posi-
tion in Arabidopsides can be released by sn-1-specific lipases from
Rhizopus arrhizus. Schäfer et al. (2011) report that lipase activ-
ity of grasshopper oral secretions are instrumental in release of
cis-OPDA from Arabidopsides and hence play a role in defense
response to herbivory. Some of the Arabidopsides display growth-
inhibiting effects on bacterial and fungal pathogens (Andersson
et al., 2006; Kourtchenko et al., 2007). A senescence promoting
effect for Arabidopside A has also been described (Hisamatsu et al.,
2006).

As Arabidopsides have so far only been detected from a very lim-
ited range of species from the genus Arabidopsis it would appear
that either these compounds are present in miniscule amounts
in other plants or are completely absent (Mosblech et al., 2009).
Based on current evidence it appears that this intriguing class of
complex lipids do not have a generic role across species but have
arisen by adaptation in just a few (Böttcher and Weiler, 2007).

CONCLUSION
A wide array of oxylipins are generated in response to various
environmental stimuli and developmental cues. In some cases,
such as plant defense, multiple oxylipins are involved while in
others, such as reproductive development and seed germination,
JA, and cis-OPDA respectively play the main role. Fine-tuning of
jasmonate levels by factors such as environmental stress and devel-
opmental stage of the tissue is obviously important in eliciting a
physiological response. Equally important is the responsiveness of
different cell and tissue types to specific oxylipins or combinations
of different oxylipins. Our recent demonstration of a specific role
for cis-OPDA in regulating germination potential in developing
seeds provides an opportunity to further dissect the underlying
mechanism. Establishing the role played by oxylipin signaling
in the environmental and genetic control of seed dormancy and
germination is an important challenge for the future.
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The oxylipin hormone jasmonate controls myriad processes involved in plant growth, devel-
opment, and immune function.The discovery of jasmonoyl-L-isoleucine (JA-Ile) as the major
bioactive form of the hormone highlights the need to understand biochemical and cell
biological processes underlying JA-Ile homeostasis. Among the major metabolic control
points governing the accumulation of JA-Ile in plant tissues are the availability of jasmonic
acid, the immediate precursor of JA-Ile, and oxidative enzymes involved in catabolism and
deactivation of the hormone. Recent studies indicate that JA-Ile turnover is mediated by
a ω-oxidation pathway involving members of the CYP94 family of cytochromes P450. This
discovery opens new opportunities to genetically manipulate JA-Ile levels for enhanced
resistance to environmental stress, and further highlights ω-oxidation as a conserved path-
way for catabolism of lipid-derived signals in plants and animals. Functional characterization
of the full complement of CYP94 P450s promises to reveal new pathways for jasmonate
metabolism and provide insight into the evolution of oxylipin signaling in land plants.

Keywords: oxylipin metabolism, lipid signaling, cytochrome P450, Arabidopsis, plant hormone, plant defense,

jasmonate, omega oxidation

INTRODUCTION
Plants use a wide variety of lipid-based signals to control fun-
damental aspects of growth, development, and responses to
environmental stress. Among the most intensively studied of
these signals are members of the jasmonate family of oxylip-
ins, collectively referred to as JAs. JAs are biochemically defined
as cyclopente(a)none compounds derived from lipoxygenase-
dependent oxidation of polyunsaturated fatty acids. Jasmonic acid
(JA) and its derivatives are well known for their role in orches-
trating immune responses to a broad spectrum of arthropod
herbivores and microbial pathogens (Glazebrook, 2005; Waster-
nack, 2007; Browse and Howe, 2008; Howe and Jander, 2008; Wu
and Baldwin, 2010). JAs also serve important roles in plant growth
and development, including sexual reproduction, growth control,
and secondary metabolism (McConn and Browse, 1996; Li et al.,
2004; Yan et al., 2007; Pauwels et al., 2008; Zhang and Turner,
2008). Increasing evidence indicates that the JA pathway partic-
ipates in extensive crosstalk with other hormones that mediate
developmental plasticity (Dombrecht et al., 2007; Moreno et al.,
2009; Pieterse et al., 2009; Hou et al., 2010; Robson et al., 2010;
Ballare, 2011; Kazan and Manners, 2011; Zhu et al., 2011). Col-
lectively, these studies support the view that JAs control resource
allocation between growth- and defense-related processes, thus
allowing plants to rapidly adapt to changing environmental con-
ditions. A greater understanding of JA homeostasis is therefore
relevant to many areas of plant physiology (Howe, 2010; Kazan
and Manners, 2012).

Significant recent progress has been made in understand-
ing the molecular mechanism by which JAs control large-scale
changes in gene expression in response to stress. In unstressed

cells containing low levels of the hormone, transcription factors
(e.g., MYC2) that promote expression of JA-responsive genes are
repressed by members of the JASMONATE ZIM-domain (JAZ)
protein family (Chini et al., 2007; Thines et al., 2007; Yan et al.,
2007). In response to stress-related cues that trigger JA accumu-
lation, bioactive forms of the hormone stimulate JAZ binding to
CORONATINE INSENSITIVE1 (COI1), which is the F-box pro-
tein component of the E3 ubiquitin ligase SCFCOI1 (Xie et al., 1998;
Thines et al., 2007; Katsir et al., 2008b; Melotto et al., 2008; Fonseca
et al., 2009; Yan et al., 2009). Proteolytic degradation of JAZ via
the ubiquitin/26S proteasome pathway releases JAZ-bound tran-
scription factors from repression, thereby allowing expression of
JA-responsive genes.

A major challenge in the field of plant lipid signaling is to
identify biologically active oxylipins and their cognate receptors.
Significant insight into this question came from the discovery that
the interaction of COI1 with its JAZ substrates is promoted in a
highly specific manner by the isoleucine-conjugated form of JA
(jasmonoyl-l-isoleucine, JA-Ile), but not by free JA or other non-
conjugated JAs (Thines et al., 2007; Katsir et al., 2008b; Melotto
et al., 2008; Fonseca et al., 2009; Yan et al., 2009). X-ray crys-
tallography studies demonstrated that the JA and Ile moieties of
JA-Ile serve critical roles in the assembly of COI1–JAZ receptor
complexes, as does an inositol pentakisphosphate cofactor that
interacts with COI1 and JAZ near the hormone-binding pocket
(Sheard et al., 2010). The key role of JA-Ile in promoting JAZ
degradation is consistent with genetic studies that established a
role for the JA-conjugating enzyme JAR1 in JA-mediated physio-
logical processes (Staswick et al., 1998; Staswick and Tiryaki, 2004;
Kang et al., 2006; Koo et al., 2009).
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For the purposes of this review, we define bioactive JAs as
derivatives that promote COI1–JAZ interactions to affect tran-
scriptional responses. Non-bioactive JAs are either precursors or
deactivated (or less active) forms of bioactive JAs. Below, we sum-
marize the current understanding of metabolic pathways involved
in catabolism and deactivation of JA-Ile, with special atten-
tion given to the recently discovered cytochrome P450-mediated
ω-oxidation pathway.

OVERVIEW OF JA-ILE METABOLISM
The initial stage of JA biosynthesis occurs in the plastid and
involves the conversion of α-linolenic acid (18:3) to 12-oxo-
phytodienoic acid (OPDA; Figure 1). Following transport to the
peroxisome, OPDA is reduced to its cyclopentanone derivative
(OPC-8:0) and subjected to three cycles of β-oxidation to yield
the 3R,7S stereoisomer of JA [also known as (+)-7-iso-JA]. JA
is transported to the cytosol where it is conjugated specifically
to Ile by the enzyme JAR1 (Staswick and Tiryaki, 2004; Suza
and Staswick, 2008). JA-Ile synthesized in the cytosol presum-
ably diffuses into the nucleus where it binds COI1–JAZ receptor
complexes to activate gene expression (Figure 1).

The biosynthesis of JA-Ile is tightly controlled by developmen-
tal and environmental cues (Creelman and Mullet, 1997; Waster-
nack, 2007; Koo and Howe, 2009). Consistent with their role in
regulating induced defenses in vegetative tissues, JA and JA-Ile typ-
ically accumulate in response to various biotic and abiotic stresses.
Mechanical wounding of Arabidopsis leaves, for example, effec-
tively triggers de novo accumulation of JA/JA-Ile within minutes
of tissue damage (Chung et al., 2008; Glauser et al., 2008; Suza
and Staswick, 2008; Koo and Howe, 2009; Koo et al., 2009; Suza
et al., 2010). The rapidity of this response indicates that all JA-Ile

biosynthetic enzymes, including JAR1, are present in unstressed
cells prior to stimulation. This view is consistent with studies
showing that the major rate-limiting step in JA/JA-Ile synthe-
sis is lipase-mediated release of fatty acyl substrates from plastid
glycerolipids (Ishiguro et al., 2001; Stenzel et al., 2003; Waster-
nack, 2007; Kallenbach et al., 2010; Bonaventure et al., 2011). The
mechanism by which extracellular signals activate plastidic lipases
to trigger JA-Ile formation is a major unanswered question. Genes
encoding many of the enzymes involved in JA-Ile biosynthesis
are coordinately up-regulated in response to environmental sig-
nals that activate production of the hormone (Reymond et al.,
2000; Sasaki et al., 2001; Sasaki-Sekimoto et al., 2005; Koo et al.,
2006; Ralph et al., 2006; Pauwels et al., 2008). This transcriptional
response presumably constitutes a positive feedback mechanism
to amplify the cell’s capacity for JA metabolism. At a practical level,
this co-expression phenomenon has proven useful for the identi-
fication of novel components in the JA metabolic and signaling
pathways (Koo et al., 2006, 2011; Thines et al., 2007; Heitz et al.,
2012).

In addition to the availability of plastid-derived fatty acyl sub-
strates, there is evidence that the rate of JA-Ile biosynthesis is
influenced by metabolic pathways that compete with JAR1 for
cytosolic pools of JA. This idea is consistent with the fact that
stress-induced levels of JA-Ile are typically well below (∼10%) that
of JA (Kang et al., 2006; Suza and Staswick, 2008; Koo et al., 2009).
Among the metabolic pathways that potentially divert JA from
JA-Ile biosynthesis are those involved in formation of JA-glucose
esters (Swiatek et al., 2004), 12-hydroxy-JA (12-OH-JA) and its sul-
fated and glycosylated derivatives (Gidda et al., 2003; Miersch et al.,
2008), volatile methyl-JA (MeJA), and JA-amino acid conjugates
other than JA-Ile (Wang et al., 2007; Figure 1). Studies involving

FIGURE 1 | Major pathways for the biosynthesis and catabolism of JA-Ile. Confirmed biochemical pathways and products are indicated by solid lines,
whereas dashed lines denote hypothetical pathways for which there is currently little or no evidence. See text for details.
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ectopic expression of an Arabidopsis JA carboxyl methyltrans-
ferase (JMT) in Nicotiana attenuata provided genetic evidence that
increased flux of JA into MeJA has predicted negative effects on
JA-Ile formation and JA-Ile-mediated physiological process (Stitz
et al., 2011). These findings, together with the inability of JA and
MeJA to promote COI1–JAZ binding (Thines et al., 2007), provide
convincing evidence that JA and MeJA are non-bioactive precur-
sors of JA-Ile. The ability of exogenous JA and MeJA to potently
activate hormonal responses can be attributed to their in vivo con-
version to JA-Ile and subsequent action through the COI1–JAZ
receptor system (Tamogami et al., 2008; Wu et al., 2008).

The transient accumulation of JA-Ile in injured leaves is tightly
correlated with the expression of primary JA-response genes
(Chung et al., 2008; Koo et al., 2009). This observation implies
the existence of pathways for catabolism and deactivation of the
hormone. As is the case for most stress hormones in plants and
animals, such pathways serve important roles in attenuating phys-
iological outputs during the stress response or for switching off
the response when stress levels have subsided. The ω-oxidation
pathway, in which JA-Ile is converted to 12-hydroxy-JA-Ile (12-
OH-JA-Ile) and then further oxidized to dicarboxy-JA-Ile (12-
COOH-JA-Ile), is now recognized as a major route for catabolism
of the hormone (Figures 1 and 2; Guranowski et al., 2007; Glauser
et al., 2008; Miersch et al., 2008; Kitaoka et al., 2011; Koo et al.,
2011; VanDoorn et al., 2011; Heitz et al., 2012). Genetic evi-
dence (see below), together with the finding that 12-OH-JA-Ile
is less effective than JA-Ile in promoting COI1–JAZ interaction
in vitro (Koo et al., 2011), firmly establishes a functional role for
ω-oxidation in attenuating JA-Ile-mediated signaling. Pathways
involved in further metabolism of oxidized JA-Ile derivatives are
likely to exist but have not yet been reported. One possibility is for-
mation of O-linked glucosyl derivatives of 12-OH-JA-Ile, which
may be rendered ineffective as a ligand for the COI1–JAZ receptor,
or perhaps sequestered in the vacuole. It is also possible that the
newly formed carboxyl group of 12-COOH-JA-Ile is esterified to
CoA and subsequently subject to β-oxidization in the peroxisome
(Figures 1 and 2). This hypothesis is supported by the existence
of β-oxidization enzymes that metabolize unusual fatty acid sub-
strates, including those containing unsaturated bonds such as that

found in the pentenyl side chain of JA-Ile (Goepfert and Poirier,
2007).

The turnover of endogenous JA-Ile in mutants that are impaired
in JA-Ile 12-hydroxylation suggests that additional pathways may
participate in JA-Ile metabolism (Figure 1; Koo et al., 2011).
Among the possible alternative metabolic routes of hormone deac-
tivation are formation of JA-Ile glucose esters and, by analogy to
the role of amidohydrolases in auxin homeostasis (LeClere et al.,
2002; Woodward and Bartel, 2005), hydrolysis of JA-Ile to free JA
and Ile. It has also been suggested that esterification of JA-Ile to JA-
Ile-Me, as well as epimerization of (3R,7S)-JA-Ile to the less active
(3R,7R) isomer, may be endogenous mechanisms to reduce the
activity of the hormone; both of these products are largely inactive
in promoting COI1–JAZ interaction in vitro (Fonseca et al., 2009).
Recent in vivo studies, however, indicate that epimerization of
(3R,7S)-JA-Ile is unlikely to play a significant role in deactivation
of JA-Ile (Suza et al., 2010).

ROLE OF CYP94 P450s IN CATABOLISM OF BIOACTIVE JAs
In contrast to detailed knowledge of nearly all genes encoding
the core set of JA-Ile biosynthetic enzymes (Wasternack, 2007;
Schaller and Stintzi, 2009), understanding the genetic basis of JA-
Ile catabolism is still a largely unexplored area of plant hormone
research. The pervasive role of cytochrome P450 hydroxylases in
the deactivation of small-molecule hormones suggest that P450s
also participate in catabolism of JA-Ile. Based on this assump-
tion, Koo et al. (2011) focused attention on members of the
CYP86 clan of P450s in Arabidopsis that play a prominent role
in fatty acid hydroxylation, including ω-hydroxylation. Gene co-
expression analysis was used to narrow the list of candidates to
three CYP94 genes (CYP94B1, CYP94B3, and CYP94C1) whose
expression is induced in response to wounding and JA treatment.
Various members of this group were previously shown to be reg-
ulated by the JA pathway, and to encode enzymes that hydroxylate
straight-chain fatty acids in vitro (Duan and Schuler, 2005; Ben-
veniste et al., 2006; Kandel et al., 2007; Ehlting et al., 2008). Analysis
of T-DNA-tagged mutants showed that disruption of CYP94B3,
but not CYP94B1 or CYP94C1, results in a metabolic pheno-
type indicative of a defect in JA-Ile 12-hydroxylase activity; in

FIGURE 2 |The CYP94-mediated ω-oxidation pathway for JA-Ile catabolism. The dashed line denoting formation of the CoA ester of 12COOH-JA-Ile by an
acyl-CoA synthetase (ACS) is hypothetical.
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response to wounding, cyp94b3 mutants hyperaccumulate JA-Ile
and are also deficient in 12-OH-JA-Ile. The biochemical func-
tion of CYP94B3 was confirmed by experiments showing that the
recombinant enzyme has JA-Ile 12-hydroxylase activity (Koo et al.,
2011). Independent studies confirmed the identity of CYP94B3 as
a JA-Ile 12-hydroxylase and further demonstrated that CYP94C1
plays a major role in conversion of 12-OH-JA-Ile to 12-COOH-JA-
Ile (Kitaoka et al., 2011; Heitz et al., 2012). These collective studies
establish a central role for CYP94s in the ω-oxidation pathway
for turnover and deactivation of JA-Ile (Figure 2). Interestingly,
CYP P450-mediated ω-oxidation (and subsequent β-oxidation)
pathways also mediate catabolism and deactivation of eicosanoid
signals in animal cells (Hardwick, 2008; Buczynski et al., 2009).
The discovery of the ω-oxidation pathway for JA-Ile catabolism
therefore highlights a conserved feature of lipid-based signaling in
plants and animals.

The phenotype of mutants affected in CYP94B3 expression
demonstrates the importance of JA-Ile catabolism in plant growth,
development, and defense. CYP94B3-overexpressing plants, which
are severely deficient in wound-induced JA-Ile accumulation,
display hallmark signs of JA-Ile deficiency, including defects in
anther and pollen development, resistance to JA-mediated root
growth inhibition, and increased susceptibility to insect herbi-
vores (Koo et al., 2011). In contrast, hyperaccumulation of JA-Ile
in cyp94b3 null mutants results in increased sensitivity to the
hormone. Among the phenotypes reported for cyp94b3 single
and cyp94b3cyp94c1 double mutants are enhanced expression of
JA-response genes and increased sensitivity to JA-mediated root
growth inhibition (Kitaoka et al., 2011; Koo et al., 2011; Heitz
et al., 2012). It was also reported that cyp94b3 mutants are more
susceptible to a virulent strain of Pseudomonas syringae (Hwang
and Hwang, 2010), which may reflect the fact that increased sig-
naling through the JA-Ile receptor compromises host resistance
to this pathogen by suppressing the salicylate-mediated branch
of immunity (Glazebrook, 2005; Katsir et al., 2008b). These col-
lective results demonstrate that CYP94B3 and CYP94C1 function
to reduce the active pool of JA-Ile, and that this route of hor-
mone catabolism affects physiological processes in roots, leaves,
and reproductive tissues. This conclusion is consistent with the
emerging view that JA-Ile is the active signal for many, if not most,
jasmonate responses.

MINING THE CYP94ome
Cytochrome P450s constitute the most metabolically diverse
group of enzymes in the plant kingdom (Nelson and Werck-
Reichhart, 2011). The recent characterization of CYP94B3 and
CYP94C1 (Kitaoka et al., 2011; Koo et al., 2011; Heitz et al.,
2012) highlight the widespread role of P450s in plant hor-
mone metabolism (Mizutani and Ohta, 2010) and shed light on
the physiological function of the broader CYP94 family. Ara-
bidopsis contains six CYP94 members belonging to three sub-
families: CYP94B1, CYP94B2, CYP94B3, CYP94C1, CYP94D1,
and CYP94D2 (Figure 3). That various CYP94 subfamilies have
undergone significant expansion and contraction in particu-
lar angiosperm lineages suggests the existence of rapidly evolv-
ing metabolic pathways involving fatty acid-derived compounds
(Guttikonda et al., 2010; Nelson and Werck-Reichhart, 2011).

FIGURE 3 | Phylogeny of the CYP94 family of cytochrome P450s in the

land plants. A total of 70 deduced full-length amino acid sequences were
aligned by Clustal X and displayed as a circular cladogram using Phylip 3.68
and DENDROSCOPE v3.0.13beta (Huson et al., 2007). Abbreviations and
number of sequences: Arabidopsis thaliana (At: 6), Oryza sativa (Os: 18),
Glycine max (Gm: 14), Medicago truncatula (Mt: 4), Vitis vinifera (Vv: 9),
Populus trichocarpa (Pt: 13), Physcomitrella patens (Pp: 2), Selaginella
moellendorffii (Sm: 4).

P450 phylogenies also indicate that the CYP94 family is con-
served in non-vascular plants (e.g., Physcomitrella patens) but
is not present in photosynthetic aquatic organisms. This distri-
bution of CYP94s coincides with the occurrence in these lin-
eages of genes encoding various components of the JA biosyn-
thesis and signaling pathways (Chico et al., 2008; Katsir et al.,
2008a; Browse, 2009). Interestingly, P. patens contains plastidic
enzymes for the synthesis of OPDA but appears to lack the abil-
ity to produce JA and JA-Ile (Stumpe et al., 2010). Functional
characterization of CYP94 P450s in P. patens may thus provide
insight into the evolutionary origins of oxylipin signaling and
metabolism.

The role of CYP94B3 and CYP94C1 in JA-Ile ω-oxidation sug-
gests that other CYP94s serve similar roles in oxylipin metabolism.
For example, the inability of CYP94B3 and C1 to hydroxylate JA
in vitro (Kitaoka et al., 2011; Heitz et al., 2012) raises the possibility
that formation of 12-OH-JA is catalyzed by another CYP94 mem-
ber. The presence of residual amounts of 12-OH-JA-Ile in cyp94b3
and cyp94b3cyp94c1 mutants (Kitaoka et al., 2011; Koo et al., 2011;
Heitz et al., 2012) further suggests that additional enzymes partic-
ipate in 12-hydroxylation of JA-Ile. Given the broad specificity of
many CYP94s for fatty acyl substrates in vitro (Benveniste et al.,
2006; Kandel et al., 2007; Pinot and Beisson, 2011; Heitz et al.,
2012), functional characterization of additional family members
will clearly benefit from analysis of metabolic phenotypes of cyp94
mutants.
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SUMMARY AND FUTURE PERSPECTIVES
It is becoming increasing clear that the JA signaling pathway is
embedded in a complex phytohormone network that controls
myriad aspects of plant growth and development, as well as the way
in which plants adapt to their environment. Current models of JA
signal transduction support the view that the intracellular level of
JA-Ile plays a major role in controlling the strength of JA responses.
Recent studies with mutants that are altered in CYP94 expression
demonstrate the importance of JA-Ile catabolism in attenuating
this hormone response pathway (Kitaoka et al., 2011; Koo et al.,
2011; Heitz et al., 2012). Negative feedback control of JA responses
also depends on other mechanisms, including JA-induced expres-
sion of stabilized JAZ isoforms that fail to efficiently bind COI1 in
the presence of JA-Ile (Chung and Howe, 2009; Chung et al., 2010;
Shyu et al., 2012). Further elucidation of these negative feedback
pathways may facilitate biotechnological efforts aimed at exploit-
ing the JA pathway for enhanced resistance of crop plants to insects
and pathogens, and for producing economically important plant
compounds (e.g., paclitaxel) whose expression is controlled by the
JA pathway. Several additional gaps in our understanding of how
JA-Ile levels are regulated also remain to be addressed. For exam-
ple, there is a pressing need to understand the early signaling events
that trigger JA-Ile synthesis, and to fully elucidate metabolic path-
ways that govern deactivation of the hormone. Progress toward
the latter goal will undoubtedly be facilitated by further charac-
terization of the “CYP94ome.” Given the high degree of sequence
similarity between CYP94s and CYP86 P450s that catalyze the for-
mation of cutin and wax polymers of the epidermal cuticle (Pinot
and Beisson, 2011), this line of research may also provide insight

into the evolutionary relationship between oxylipins that serve
signaling versus structural roles in plant defense.

Another promising area of future research will be to discern the
spatial and temporal distribution of JAs in different tissues and cell
types. Existing approaches to study the tissue-specific accumula-
tion (Hause et al., 2000; Glauser et al., 2008; Stitz et al., 2011) and
non-cell autonomous action (Li et al., 2002; Koo et al., 2009) of
JAs would benefit from new technologies to quantify hormone lev-
els with cellular and sub-cellular resolution (Bermejo et al., 2011;
Mielke et al., 2011). Such efforts are expected to lead to a better
understanding of how bioactive and non-bioactive JAs are com-
partmentalized within cells and transported between cells. Given
the plethora of JA derivatives produced in plants, it will also be
important to identify additional bioactive JAs that exert physio-
logical effects, either through the COI1–JAZ receptor system or
via other mechanisms. For example, the identity of 12-OH-JAs as
factors for leaf closing (Nakamura et al., 2011) and tuber induc-
tion (Yoshihara et al., 1989) provides tantalizing evidence that JAs
evolved as lipid-derived signals for regulating specialized aspects
of plant physiology.
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Members of the family of JASMONATE ZIM-DOMAIN (JAZ) proteins are key regulators of
the jasmonate (JA) hormonal response. The 12-member family is characterized by three
conserved domains, an N-terminal domain, a TIFY-containing ZINC-FINGER EXPRESSED
IN INFLORESCENCE MERISTEM domain, and a C-terminal Jas domain. JAZ proteins reg-
ulate JA-responsive gene transcription by inhibiting DNA-binding transcription factors in
the absence of JA. JAZ proteins interact in a hormone-dependent manner with CORONA-
TINE INSENSITIVE 1 (COI1), the recognition component of the E3 ubiquitin ligase, SCFCOI1,
resulting in the ubiquitination and subsequent degradation of JAZs via the 26S proteasome
pathway. Since their discovery in 2007, JAZ proteins have been implicated in protein–protein
interactions with multiple transcription factors.These studies have shed light on the mech-
anism by which JAZs repress transcription, are targeted for degradation, modulate the JA
signaling response, and participate in crosstalk with other hormone signaling pathways.
In this review, we will take a close look at the recent discoveries made possible by the
characterization JAZ protein–protein interactions.

Keywords: Arabidopsis, hormone action, jasmonate, JAZ

INTRODUCTION
Ellis Marsalis, primum mobile of the diverse and influential jazz
family, knows that the interactions and connections made by fam-
ily members provide insight into the operation and purpose of an
extended social network. For plant scientists, identifying and char-
acterizing the proteins that interact with members of the family
of 12 JASMONATE ZIM-DOMAIN (JAZ) proteins in Arabidopsis
has proved to be an extremely rewarding approach to understand
the mechanism and networking of jasmonate (JA) hormone sig-
naling. In this review, we will briefly summarize the advances that
have been made through the identification and characterization
of JAZ protein interactions.

In contrast to mammals, which are able to cope with a chang-
ing environment by changing their behavior, plants rely heavily
on their ability to adjust their developmental and metabolic pro-
grams to adapt to their surroundings. Understanding how plant
hormones such as auxin, gibberellic acid (GA), ethylene, and JA
regulate these processes is of central importance to increasing our
understanding of plant biology. JA is a plant-specific oxylipin
signaling molecule derived from α-linolenic acid, 18:3, or the
homologous 16:3 fatty acid, found in chloroplast membranes. It is
chemically related to the prostaglandins, some of the most studied
and important oxylipins produced by mammals (Browse, 2009a).
JA signaling is initiated in response to environmental and devel-
opmental cues (Mandaokar et al., 2006; Dombrecht et al., 2007).
The hormone has been implicated in the regulation of a range
of biological processes including fertility (McConn and Browse,
1996; Stintzi and Browse, 2000), root growth (Staswick et al.,
1992), fruit ripening (Perez et al., 1997), trichome development
(Qi et al., 2011), and senescence (Xiao et al., 2004), as well as the

responses to both biotic stressors, such as feeding by insects (Howe
et al., 1996; McConn et al., 1997) and infection by necrotrophic
pathogens (Feys et al., 1994), and abiotic stressors including the
responses to ozone, UV radiation (Conconi et al., 1996), salt,
drought (Zhu, 2002), and mechanical wounding (Farmer et al.,
1992; Reymond et al., 2000). Historically, much of our knowl-
edge regarding the JA signaling response has resulted from the
study of mutants deficient in crucial steps of JA synthesis and per-
ception (Browse, 2009b). Recent discoveries, however, have relied
heavily on the study of protein–protein interactions to elucidate
the mechanism by which JA regulates gene expression. Arabidop-
sis mutants deficient in JA synthesis or perception pathways are
abnormally susceptible to fungal pathogens (Vijayan et al., 1998)
and herbivorous insects (Howe et al., 1996; McConn et al., 1997),
exhibit a reduced response to JA-mediated root growth inhibition
(Staswick et al., 1992) and are male sterile (McConn and Browse,
1996; Stintzi and Browse, 2000). Understanding the mechanistic
details of the JA signaling pathway can provide a means to study
and manipulate these vital processes. It also has important appli-
cations with respect to engineering the production of industrially
useful chemicals in plants, since JA induces the production of an
array of secondary metabolites. The induction of pathways for sec-
ondary product synthesis by JA is accompanied by the direction of
resources away from photosynthesis and other growth processes
to strike a crucial balance between growth and defense (Browse,
2009a; Pauwels et al., 2009).

There has been increasing interest in understanding the mech-
anism by which the JA nuclear signaling pathway is initiated and
regulated, as well as in its effects at the level of transcription.
Several recent studies have connected JA-mediated transcriptional
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changes with the regulation of other hormone signals such as auxin
(Tiryaki and Staswick, 2002), ethylene (Pre et al., 2008; Adams and
Turner, 2011; Zhu et al., 2011), GA (Navarro et al., 2008; Hou
et al., 2011), and brassinosteroids (BR; Ren et al., 2009). Several
recent reviews (Gazzarrini and McCourt, 2003; Kazan and Man-
ners, 2008; Koornneef and Pieterse, 2008; Grant and Jones, 2009;
Peng, 2009; Hoffmann et al., 2011; Santner and Estelle, 2011) have
undertaken the daunting task of discussing the complex crosstalk
that takes place within the hormone signaling network in plants;
however, these topics will not be discussed at length here. Instead
we aim to focus on the JAZ family of repressor proteins and the
recent discoveries that have been made possible by the investiga-
tion of protein–protein interactions in which they are participants
(summarized in Table 1). These studies indicate that JAZ proteins,
which function as transcriptional repressors of the JA signaling
response, are not merely regulators of the JA signaling pathway,
but, through interaction with other proteins, also serve as signaling
hubs in the wider hormone regulatory network, affecting multiple
pathways and aspects of plant growth and metabolic programming
(Pauwels and Goossens, 2011; Kazan and Manners, 2012).

THE SIGNALING MODEL
Under normal growth conditions JA hormone levels are low and
JA-mediated responses are kept in a repressed state by JAZ proteins.
JAZs function as inhibitors of transcription factors that, when free

of JAZ inhibition, act to activate transcription from JA-response
genes. In response to stresses, such as those that result from insect
feeding or necrotrophic pathogen infection, an increase in levels
of JA–Ile allows the hormone to facilitate interaction between the
JAZ repressors and the F-box protein CORONATINE INSENSI-
TIVE 1 (COI1), the recognition component of the E3 ubiquitin
ligase SCFCOI1. This interaction targets JAZs for ubiquitination
and degradation via the 26S proteasome pathway, releasing DNA-
binding transcription factors and allowing for the induction of
JA responsive genes (Figure 1; Chini et al., 2007; Thines et al.,
2007). Though protein–protein interactions have been required to
elucidate the JA sensing mechanism, the COI1 protein was iden-
tified through the study of mutants. One of the first JA signaling
mutants, coi1-1 (Feys et al., 1994), was identified in a screen for
Arabidopsis seedlings resistant to root growth inhibition by coro-
natine, a bacterial toxin bearing structural similarity to JA–Ile, the
isoleucine-conjugated derivative of JA later identified as the active
form of the hormone. coi1-1 mutants were male sterile, resistant
to root growth inhibition by JA, and deficient in all JA-related
responses (Feys et al., 1994; Xie et al., 1998).

CORONATINE INSENSITIVE 1 is an F-box protein that is
closely related to TIR1, the recognition component of SCFTIR1,
an E3 ligase that targets AUX/IAA proteins for degradation via
the 26S proteasome pathway in response to the growth hormone
auxin (Gray et al., 2001; Dharmasiri et al., 2005; Browse, 2009a).

Table 1 | Summary of our current knowledge of the protein–protein interactions in which one or more members of the JAZ family are

participants.

JAZ1

binding

partner

Protein family Interaction

assay

Proposed

interaction

domain

Required

amino

acids*

In vivo relevance Reference

NINJA Groucho/Tup1

type co-repressor

Y2H, TAP ZIM (116–155) TIFYAG Altered induction of JA response

genes, root growth

Pauwels et al. (2010)

JAZ TIFY Y2H ZIM I129, G133 Unknown Chini et al. (2009),

Chung and Howe (2009)

COI1 F-Box Y2H, pull-down Jas R205, R206 Required for all known

JA-mediated responses

Chini et al. (2007),

Melotto et al. (2008),

Chini et al. (2009)

HDA6 RPD3-type HDA Y2H, pull-down NT and/or ZIM nd ERF1 transcription, root growth Zhu et al. (2011)

MYC2/MYC3/4 bHLH Y2H, pull-down,

LCI

Jas not R205 or

R206

Root growth, response to

wounding, etc.

Chini et al. (2009),

Fernández-Calvo et al.

(2011)

TT8/GL3/EGL3 bHLH Y2H, pull-down,

BiFC

Jas nd Anthocyanin accumulation,

trichome initiation

Qi et al. (2011)

MYB75/GL1 R2R3-MYB TF Y2H, pull-down,

BiFC

Jas nd Anthocyanin accumulation,

trichome initiation

Qi et al. (2011)

MYB21/24 R2R3-MYB TF Y2H, BiFC, LCI Jas nd JA-mediated fertility, root growth Song et al. (2011)

EIN3/EIL1 EIN3-type TF Y2H, pull-down,

BiFC

Jas nd Root growth, ethylene synergy

and dependence

Zhu et al. (2011)

RGA/RGL/GAI DELLA Y2H, pull-down,

BiFC

NT, Jas nd Crosstalk with the gibberellin

signaling response

Hou et al. (2011)

BiFC, bimolecular fluorescence complementation; HDA, histone deacetylase; LCI, luciferase complementation imaging;TAP, tandem-affinity purification;TF, transcrip-

tion factor; Y2H, yeast-two-hybrid assay.

*Residues listed are for JAZ1.
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FIGURE 1 | JAZ proteins bind transcription factors (TFs) and

recruit co-repressors, including NINJA andTOPLESS (TPL), to

repress gene transcription in the absence of the active form of

jasmonate (JA), JA–Ile (black diamond). In the presence of
JA–Ile, the hormone facilitates interaction between JAZ proteins

and the F-box protein COI1, the recognition component of the E3
ubiquitin ligase SCFCOI1. As a result, JAZ proteins are ubiquitinated
(orange circles) and subsequently degraded in the 26S proteasome
releasing TFs from inhibition and activating JA-responsive gene
transcription.

This homology, together with protein–protein interaction data
showing that COI1 associates with SKP2/ASK1 and CULLIN,com-
ponents of the SCF complex (Devoto et al., 2002), suggested that
JA signaling also depended on the action of an E3 ubiquitin ligase
(Gray et al., 2001; Dharmasiri et al., 2005; Browse, 2009a). Fur-
ther work identifying MYC2 as a transcription factor required for
full JA responses provided researchers with enough information to
propose a relief-of-repression model for JA signaling (Figure 1) in
which transcription factors, such as MYC2, are inhibited by repres-
sor proteins (Berger et al., 1996; Lorenzo et al., 2004). According
to the model, in response to JA these repressor proteins would
be targeted for degradation through the SCFCOI1/26S proteasome
pathway, liberating DNA-binding transcription factors and allow-
ing for transcription of JA-responsive genes (Chico et al., 2008;
Browse, 2009a).

Mutant screens were less helpful in the search for targets of the
SCFCOI1 complex. The identity of the repressors of JA-mediated
responses remained unclear until 2007,when three research groups
independently published work identifying the JAZ family of pro-
teins as the much sought after targets of COI1. JAZ proteins were
identified by transcriptional profiling of a JA synthesis mutant,
opr3, by analysis of the dominant JA-resistant mutant jai3-1, and
by characterization of a splice variant of JAZ10, JAZ10.3. This work
showed that degradation of JAZ proteins is essential for induc-
tion of JA-mediated responses, an action that is dependent on
the F-box protein COI1 and the 26S proteasome (Mandaokar
et al., 2006; Chini et al., 2007; Thines et al., 2007; Yan et al.,
2007). These findings provided the basis for the current model
for JA signaling in which JA–Ile serves as a signal that activates
transcription of JA responsive genes by enhancing interaction
between JAZ repressor proteins and COI1, the recognition compo-
nent of the SCFCOI1 E3 ligase (Devoto et al., 2002; Staswick et al.,
2002; Melotto et al., 2008). This action leads to the ubiquitination
of JAZs and their subsequent degradation in the 26S protea-
some. This action releases transcription factors, such as MYC2,
from inhibition and provides a mechanism for the activation of

JA-mediated transcriptional responses (Figure 1; Devoto et al.,
2002; Lorenzo et al., 2004; Chini et al., 2007; Thines et al., 2007).

JAZ DOMAIN STRUCTURE
Protein–protein interactions play important roles in nearly all
cellular processes. They make possible the formation of large com-
plexes of transcriptional regulators, aid in signal transduction,
and facilitate cellular protein targeting. JAZ proteins are mem-
bers of the larger TIFY group, which also includes ZINC-FINGER
EXPRESSED IN INFLORESCENCE MERISTEM (ZIM), ZIM-
LIKE 1 (ZML1), ZIM-LIKE 2 (ZML2), PEAPOD proteins, PPD1
and PPD2, as well as the protein TIFY8 (Vanholme et al., 2007; Bai
et al., 2011). The ZIM and ZML proteins are putative transcrip-
tion factors containing a GATA-Zinc finger, but JAZ repressors
lack an identifiable DNA-binding domain; thus their function as
transcriptional regulators must rely on their ability to be recruited
through protein–protein interactions (Vanholme et al., 2007).

Members of the JAZ family exhibit high sequence variability,
but possess three conserved domains which comprise the distin-
guishing characteristics of the group. The N-terminal (NT) region
contains a weakly conserved NT domain. Recent studies have
implicated this domain in a small set of protein–protein interac-
tions, but the domain remains largely uncharacterized (Hou et al.,
2011). The ZIM domain, consisting of 30 amino acids within the
central portion of the JAZ peptide sequence, contains a highly
conserved TIFY motif (TIF[F/Y]XG; Vanholme et al., 2007). The
TIFY motif has been shown to be required for the repressor activ-
ity of several JAZ proteins, as well as the formation homo- and
heterodimers within the JAZ family (Chini et al., 2009; Chung
and Howe, 2009; Pauwels et al., 2010). No function has yet been
ascribed to the larger, C-terminal portions of the ZIM domain
(boxed in Figure 2). The C-terminal Jas domain is strongly con-
served across the JAZ family with 12 of 29 amino acid residues
identical or with conservative substitutions across all 12 Arabidop-
sis JAZ proteins (Chini et al., 2007; Thines et al., 2007). The domain
is involved in a wide range of protein–protein interactions (Chini
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FIGURE 2 | Schematic of JAZ1 interaction domains. Colored boxes
indicate conserved domains with the sequence, below. Proteins proposed
to bind within each domain are listed below. The yellow bar indicates
residues sufficient for COI1 binding. Red stars mark residues required for
forming homo- and/or heterodimers (ZIM domain). Green stars mark
residues required for COI1 binding (Jas domain). The black bars over bold
residues mark a conserved EAR-like motif (NT domain) and a proposed

nuclear localization signal (Jas domain). The black bar over residues
134–155 marks a conserved region with no ascribed function. References:
1Hou et al. (2011), 2Zhu et al. (2011), 3Chini et al. (2009), 4Chung and Howe
(2009), 5Pauwels et al. (2009), 6Chung et al. (2010), 7Chini et al. (2007),
8Melotto et al. (2008), 9Sheard et al. (2011), 10Niu et al. (2011), 11Cheng
et al. (2011), 12Fernández-Calvo et al. (2011), 13Song et al. (2011), 14Qi et al.
(2011), 15Grunewald et al. (2009).

et al., 2009; Hou et al., 2011; Song et al., 2011; Zhu et al., 2011), con-
tains within it a degron responsible for the degradation of JAZs
in the presence of JA–Ile (Chini et al., 2007; Thines et al., 2007;
Melotto et al., 2008), and may play a role in nuclear localization
(Figure 2; Thines et al., 2007; Grunewald et al., 2009).

JAZ–COI1 INTERACTION
JASMONATE ZIM-DOMAIN proteins lacking all or part of the
C-terminal Jas domain exhibit decreased COI1 binding and are
referred to as JAZΔJas proteins (Chung et al., 2009). Researchers
responsible for the initial identification of the JAZ family of pro-
teins capitalized on this feature by characterizing plants express-
ing stabilized versions of JAZ1, JAZ3, and JAZ10 that exhibited
reduced JA sensitivity relative to wild-type (Chini et al., 2007;
Thines et al., 2007; Yan et al., 2007). Further, experiments with
plants expressing both JAZ1–GUS and JAZ3–GFP indicated that
these proteins are destabilized in the presence of JA, an action that
is dependent on COI1, the 26S proteasome, and the C-terminal
Jas domain (Chini et al., 2007; Thines et al., 2007). Yeast-two-
hybrid and in vitro pull-down assays confirmed that JAZs interact
with COI1 through their C-terminal Jas domain and that the
interaction is dependent on JA–Ile (or coronatine; Thines et al.,
2007; Melotto et al., 2008). Mutational analysis identified two
basic amino acids within the Jas degron in JAZ1 and JAZ9, R205,
R206, and R223, K224, respectively, that are required for interac-
tion with COI1 (Figure 2). Ectopic expression of either JAZ1ΔJas
or the alanine-substituted version of JAZ1(A205A206) resulted in
the production of male sterile plants, a defect characteristic of JA-
insensitive mutants (Melotto et al., 2008). This protein–protein
interaction data, along with the complementary genetic work,
strongly supported the hypothesis that JAZ proteins are desta-
bilized in response to JA–Ile through a mechanism dependent on
COI1–JAZ interactions.

Expression of dominant JAZΔJas repressor proteins also seems
to be a strategy employed by plants, possibly for the modulation
and/or attenuation of the energetically costly JA response. Using
sequence comparisons of JAZ genes, Chung et al. (2011) identi-
fied a conserved intron present in 9 of 12 Arabidopsis JAZ proteins.
The intron resides within the Jas domain, splitting it into NT and

C-terminal portions (Figure 2). RT-PCR analysis of JA-treated
seedlings revealed the presence alternatively spliced forms of JAZ
transcripts that encode proteins in which the Jas intron is retained.
These splice variants contain ∼20 amino acids comprising the NT
portion of the Jas domain, but reach a premature stop codon as
a result of retention of the intron. Consequently, these alterna-
tively spliced proteins lack the conserved X5PY sequence at the
C-terminal end of their Jas domains and are referred to by Chung
et al. (2011) as ΔPY JAZs.

Yeast-two-hybrid and pull-down assays revealed that both
JAZ2ΔPY and JAZ3ΔPY have diminished COI1 binding capa-
bilities in the presence of JA–Ile relative to the corresponding
full-length variants, JAZ2.1 and JAZ3.1. To test whether the con-
served PY (boxed in Figure 2) residues at the C-terminal end of
the Jas domain are required for full interaction with COI1 alanine
substitutions were made in both JAZ2 and JAZ10. According to
these experiments, a JAZ2 P227A Y228A mutant and a JAZ10
P191A Y192A mutant both interacted fully with COI1 in the
presence of JA–Ile or coronatine. This result suggests that other
(non-conserved) residues in the X5PY peptide may be required
for COI1–JAZ interaction (Chung et al., 2011). Alternative splic-
ing likely affects the ability of JAZ proteins to interact with COI1,
and could provide a mechanistic explanation for the modulation
of the JA signaling response.

The crystal structure of COI1 complexed with JA–Ile and the
Jas peptide from JAZ1 provided further insights into the molecu-
lar mechanism of JA hormone action (Sheard et al., 2011). In the
crystal structure, JA–Ile (or coronatine) interacts in a vertical ori-
entation with 11 residues of COI1 in the leucine-rich-repeat/loop
structure that constitutes the ligand binding pocket in this class of
F-box proteins, while three additional residues form a cavity that
accommodates binding of the active (3R, 7S) isomer of JA–Ile,
but not the inactive (3R, 7R) isomer. Much of the JA–Ile ligand is
buried by these COI1 residues surrounding the binding site, but
the keto group of JA and the carboxyl group of Ile are exposed and
available for interaction with the Jas domain of JAZ. Despite the
large number of identified interactions between JA–Ile and COI1,
results from radioligand binding assays revealed that JA–Ile binds
only very weakly to COI1. Inclusion of JAZ1 or JAZ6 in these
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assays increased binding specificity 50-fold, indicating that COI1
and JAZ are mutually dependent co-receptors for the JA hormone.
The portion of JAZ1 that binds COI1 and JA–Ile (residues 200–
220) has a bipartite structure. The NT portion (ELPIA) forms a
loop which interacts both with the carbonyl of JA–Ile and with
residues of COI1, effectively closing the binding site of the JA–Ile
co-receptor. The C-terminal portion of the Jas peptide forms an
α-helix that interacts with residues lining the central tunnel of the
leucine-rich repeat ring of COI1. The additional binding here is
essential for co-receptor function (Sheard et al., 2011).

Additionally, an inositol 1,2,4,5,6-pentakisphosphate (IP5)
molecule appears to have a key role in assembly and function of the
hormone receptor (Mosblech et al., 2011; Sheard et al., 2011). The
IP5 molecule was identified in the crystal structure located close
to the JA–Ile) binding pocket of COI1, where it coordinates three
arginine residues of COI1 and R206 of the Jas peptide (Figure 2;
Sheard et al., 2011). Removal of IP5 by dialysis inactivated the
receptor complex and the inactive form could be reactivated by
the addition of IP5. These observations fully explain the persis-
tence of JAZΔJas proteins and may also provide an explanation
for the dominant, JA-insensitive phenotypes that their expression
produces in transgenic plants. They also demonstrate the value
of crystallographic approaches to advancing our understanding
of protein–protein interactions and the mechanistic details of JA
hormone sensing.

JAZ–NINJA INTERACTIONS
Tandem affinity purification (TAP) is an alternative to the less
stringent and less physiologically relevant yeast-two-hybrid screen.
It is a method for protein purification which utilizes mass spec-
trometry in order to identify new members of a protein–protein
interaction complex. The method eliminates some of the prob-
lems associated with the generation of false positive results seen
with the yeast-two-hybrid method, because proteins are expressed
under physiological conditions in planta and are purified using
a two-step method involving binding to two subsequent affinity
columns (Puig et al., 2001).

Using this method, Pauwels et al. (2010) identified the NOVEL
INTERACTOR OF JAZ (NINJA) protein. TAP-tagged JAZ1 addi-
tionally identified the known signaling regulators, COI1, MYC3,
and JAZ12. A subsequent TAP experiment designed to elucidate
the function of NINJA within the signaling pathway showed that

NINJA co-purified with the Groucho/Tup1 co-repressor TOPLESS
(TPL) as well as the TPL-related proteins TPR2 and TPR3. TPL
and TPR proteins had already been implicated in the regulation of
auxin signaling, in which AUX/IAA proteins recruit TPL and/or
TPR proteins to auxin-responsive promoters through interac-
tion with DNA-binding AUXIN RESPONSE FACTOR (ARF)
proteins (Osmont and Hardtke, 2008; Szemenyei et al., 2008).
This work provided a plausible mechanistic explanation for the
repression activity of JAZ proteins in which they recruit the
co-repressors NINJA and TPL/TPR to JA-responsive promoters
through interaction with MYC transcription factors.

Pauwels et al. (2010) used yeast-two-hybrid assays to demon-
strate that NINJA interacts with most JAZs. Truncation of JAZ1
revealed a portion of the protein located within the ZIM domain
(consisting of amino acids 116–155) sufficient for JAZ1–NINJA
interaction (Figure 3). Deletion of the highly conserved TIFY
motif within this region (TIFYAG in JAZ1) eliminated JAZ1–
NINJA interaction (Pauwels et al., 2010). JAZ7 and JAZ8, the only
two JAZs incapable of NINJA interaction (Pauwels et al., 2010),
possess a TIFYXG sequence. However, both JAZ7 and JAZ8 have an
Asn residue in the fifth position of the TIFYXG motif (Figure 3).
This residue, absent from the TIFY motif in all other JAZ pro-
teins, may hinder interaction with NINJA. No experimental work,
however, has been done testing the significance of this residue.

JA SIGNALING AND HISTONE ACETYLATION
Within the context of auxin signaling, it has been suggested that
TPL may function as a co-repressor involved in the recruitment of
general repressive machinery, such as histone deacetylases, that
modify chromatin in order to keep it in a closed state, nega-
tively affecting gene transcription. This hypothesis is supported
by studies involving a temperature sensitive, dominant-negative
TPL mutant, tpl-1. tpl-1 mutants have a point mutation result-
ing in an N176H change in the protein. tpl-1 interacts genetically
with both the histone modifying mutant histone deacetylase 19
(hda19) and the histone acetyltransferase mutant, hag1. Like tpl-
1 mutants, hda19 mutants are temperature sensitive and their
seedlings display distinct developmental defects when grown at
restrictive temperature, including the formation of monocots,
tubes and pins. Dominant-negative tpl-1 mutants interact geneti-
cally with the transcriptional co-activator, GCN5, a histone acetyl
transferase. The GCN5 mutant hag1 partially rescues the tpl-1

FIGURE 3 | (A) Alignment of the semi-conserved EAR-like motif
present in the NT domain of select JAZ proteins. Specific residues
comprising the EAR-like motif are shown in bold. Red residues indicate
the key (leucine or similar). (B) Alignment of the C-terminal portion of
JAZs sufficient for NINJA. The TIFYXG motif required interaction

(Pauwels et al., 2009) is underlined. This contains an N residue (red) in
JAZ7 and JAZ8, the only two JAZs incapable of NINJA interaction.
Residues conserved across all six JAZs shown are bold, residues
conserved in JAZ1, JAZ2, JAZ5, and JAZ6, but not JAZ7 and JAZ8 are
colored blue or green, respectively.
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fused cotyledon phenotype in Arabidopsis seedlings (Long et al.,
2006; Szemenyei et al., 2008). These phenotypic effects are believed
to be consequences of changes in the extent of histone acetylation.

To elucidate the physiologic role of NINJA, plants express-
ing altered levels of the NINJA protein were tested for their
ability to respond to JA in root growth assays. 35S:NINJA over-
expressing plants showed slightly reduced sensitivity to JA, while
ninja-RNA interference (RNAi) plants were slightly hypersensi-
tive to JA according to the assay. Additionally, the tpl-1 mutant
was hypersensitive to JA according to root growth assays, further
supporting the hypothesis that the TPL protein is a co-repressor
involved in the negative regulation of JA signaling (Pauwels et al.,
2010). Although phenotypic analyses of JA-mediated root growth
inhibition suggest that NINJA plays a physiological role the JA
response, the relatively weak phenotypes observed also raise the
question of whether JAZs employ other mechanisms for repressing
transcription.

A possible NINJA-independent mechanism for repression by
JAZs could be the direct recruitment of the transcriptional co-
repressor, TPL. Analysis of the JAZ peptide sequence revealed
that several JAZ proteins contain an EAR (ethylene-responsive ele-
ment binding factor-associated amphiphilic repression)-like motif
(often, but not exclusively within their NT region; Figure 3). JAZ
EAR-like elements closely resemble the EAR motif of AUX/IAA
proteins used to directly recruit TPL and TPL-related proteins
(Tiwari et al., 2004; Szemenyei et al., 2008). Additionally, protein–
protein interaction studies performed by the Arabidopsis Interac-
tome Mapping Consortium (2011) have identified both JAZ5 and
JAZ8 as TPL-interacting proteins. Further work will be required
to determine whether JAZ–TPL interactions have any biological
significance with respect to the regulation of JA signaling.

An alternate NINJA-independent mechanism for JAZ protein
repression of the JA-mediated transcriptional response has been
proposed by Zhu et al. (2011). They showed that JAZ1 interacts
with the chromatin modifying enzyme, HISTONE DEACETY-
LASE 6 (HDA6; Zhu et al., 2011). Both yeast-two-hybrid assays
and in vitro pull-down experiments showed that JAZ1 interacted
directly with the HDA6. To test whether this interaction is specific
to JAZ1 or a general feature of the JAZ family, JAZ3 and JAZ9 were
tested via yeast-two-hybrid assays in which they were also found
to be capable of HDA6 interaction. Additional yeast-two-hybrid
assays using truncated JAZ1 identified a C-terminally truncated
JAZ1 peptide (amino acids 1–190) capable of HDA6 interaction
and an N-terminally truncated peptide (amino acids 160–250) that
is not. These results indicate that interaction with HDA6 is likely
mediated by residues within the NT or ZIM domain of JAZ1, but
additional experiments will be required to identify precise regions
of JAZ proteins that are important for interaction with HDA6
(Zhu et al., 2011).

The physiological relevance of HDA6 to the JA signaling
response was shown by analysis of hda6 mutants. The hda6 loss-
of-function mutant, axe1-4, exhibits increased expression from
the JA-inducible ERF1 locus. Conversely, HDA6 over-expressing
plants exhibited decreased ERF1 expression, suggesting that HDA6
is involved in the negative regulation of ERF1 transcription. These
findings are strikingly similar to those found when characterizing
HDA19 overexpressors and HDA19 RNAi plants. Altering levels of

HDA19 correlated with transcriptional changes in the ERF1 locus,
with 35S:HDA19 transgenics exhibiting decreased ERF1 expres-
sion and hda19-RNAi mutants exhibiting increased transcription
from the ERF1 locus (Zhou et al., 2005). Taken together, these
results indicate that histone de-acetylation likely plays a role in the
transcriptional regulation of JA responsive genes, specifically as a
co-repressor involved in the regulation of the ERF1 locus.

MYC2, THE ORIGINAL JAZ-INTERACTING TRANSCRIPTION
FACTOR
MYC2 was identified in two independent mutant screens (Berger
et al., 1996; Boter et al., 2004; Lorenzo et al., 2004) and was for
several years the only DNA-binding transcription factor known
to interact with members of the JAZ family of proteins (Chini
et al., 2007). MYC2 is a protein belonging to the 133-member
basic helix-loop-helix (bHLH) family characterized by its bHLH
domain responsible for DNA binding and for the formation of
homo- and/or heterodimers with other bHLH proteins. As a MYC-
related protein, MYC2 has a partially conserved leucine-zipper
(ZIP) motif adjacent to its bHLH domain, which may stabi-
lize protein dimers. Previous work has demonstrated that MYC2
differentially regulates the JA response through competitive inter-
action with the ethylene-responsive transcription factor ERF1.
MYC2 induces a subset of early JA-response genes, but inhibits
a set of defense genes such as PDF1.2, PR4, and PR1 (Lorenzo
et al., 2004). In contrast to coi1 mutants, which completely lack JA
responses, myc2 mutants remain fertile, and exhibit only partial
insensitivity to JA-mediated growth and defense (Fernández-Calvo
et al., 2011).

Chini et al. (2007) provided evidence that MYC2 interacts with
JAZ3 directly. This direct interaction supports the mechanistic
model for the role of MYC2 as a transcription factor in JA signal-
ing (shown in Figure 1). In this model, JAZ repressor proteins, in
the absence of JA hormone, bind to MYC2 and inhibit its activity.
In the presence of hormone, JAZ proteins are degraded and MYC2
is then able to induce a set of JA-responsive genes (Berger et al.,
1996; Lorenzo et al., 2004; Chini et al., 2007). Despite the consider-
able evidence for the involvement of MYC2 in the up-regulation of
JA response genes, the relatively weak phenotype of myc2 mutants
compared to coi1 mutants suggests that MYC2 must not be the
only relevant transcription factor involved in the regulation of the
JA-induced transcriptional response.

MYC3 AND MYC4
Investigating the interaction partners of the JAZ family of proteins
has recently proven to be useful in identifying additional transcrip-
tion factors that are responsible for the early JA response. Three
groups of researchers independently identified close homologs of
MYC2, MYC3 and MYC4, via yeast-two-hybrid screens using JAZ
proteins as bait (Cheng et al., 2011; Fernández-Calvo et al., 2011;
Niu et al., 2011). MYC3 and MYC4 are phylogenetically closely
related to MYC2; and together with MYC2 and bHLH28/MYC5
they constitute the IIIe subgroup of bHLH proteins (Fernández-
Calvo et al., 2011). Further, interaction assays in yeast showed that,
like MYC2, MYC3 and MYC4 both interact with the majority of
JAZ proteins. In MYC2 and MYC3,a region of ∼60 aa was shown to
be sufficient for interaction with eleven JAZ proteins and was thus
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designated as the JAZ-interaction domain (JID; Fernández-Calvo
et al., 2011).

myc3 and myc4 T-DNA insertion mutants as well as myc3-RNAi
and myc4-RNAi plants were indistinguishable from wild-type
when tested for JA-mediated root growth inhibition, a result that
can be explained by redundancy between members this family
of MYC transcription factors (Lorenzo et al., 2004; Cheng et al.,
2011; Niu et al., 2011). To gain insights into the binding deter-
minants for MYC2 and related proteins, Fernández-Calvo et al.
(2011) identified a consensus sequence for MYC2, MYC3, and
MYC4 DNA binding using an 11-mer microarray. According to
these experiments, all three transcription factors most tightly bind
a canonical G-box consisting of the sequence CACGTG, providing
further support for the hypothesis that MYC transcription factors
have at least partially redundant functions (Fernández-Calvo et al.,
2011).

Two approaches were taken to overcome the proposed redun-
dancy; phenotypic evaluation of double and triple mutants and
analysis of transgenic plants over-expressing MYC3 or MYC4.
Both MYC3 and MYC4 over-expressing plants are hypersensitive
to JA-mediated root growth inhibition, accumulate excess antho-
cyanin and exhibit altered expression of a set of JA-responsive
genes including JAZ-family members and the wound-responsive
genes, LOX3, VSP2, and TAT3 (Cheng et al., 2011; Niu et al.,
2011). Mutational analysis showed that myc3 and myc4 inten-
sified the severity of phenotypes observed in myc2, with myc2
myc3 myc4 triple mutants exhibiting JA-related phenotypes that
closely mimic coi1 mutants, in most respects. However, the myc2
myc3 myc4 triple mutants were fully fertile and did not exhibit
full resistance to JA-mediated inhibition of root growth. These
observations indicate that other transcription factors, in addition
to MYC2, MYC3, and MYC4 must be required for full induction
of JA responses (Fernández-Calvo et al., 2011). Interestingly, a
dominant mutation at the Arabidopsis MYC3 locus, atr2D, results
in the induction of stress-response genes (Smolen et al., 2002).
The mutation encodes a D94N change at a conserved site in the
JID. The dominant phenotype may well result from activity of the
altered MYC-D94N protein that is no longer bound and inhibited
by JAZ proteins.

JA-DEPENDENT FERTILITY IS MEDIATED BY MYB
TRANSCRIPTION FACTORS
Characterization of JAZ-interacting proteins identified in yeast-
two-hybrid screens have lead to the recent identification of several
additional transcription factors targeted by JAZ repressors. MYB21
and MYB24 are two R2R3 MYB transcription factors identified as
JAZ-interacting proteins via yeast-two-hybrid screen using JAZ8
as bait (Song et al., 2011). Further yeast-two-hybrid assays testing
all members of the JAZ family of proteins showed that interaction
with MYB21 and MYB24 was not a unique feature of JAZ8. Strong
interaction was also observed between the two MYB proteins and
JAZ1, JAZ11 and, to a lesser degree, JAZ10 via yeast-two-hybrid
assay. Further, protein–protein interaction assays were employed
successfully to confirm these interactions in vivo, including fire-
fly luciferase complementation imaging (LCI), and bimolecular
fluorescence complementation (BiFC; Song et al., 2011).

Results from yeast-two-hybrid experiments utilizing both trun-
cated MYB21 and MYB24, as well as truncated JAZ8 and JAZ11
proteins indicate that interaction between JAZ and MYB proteins
is likely dependent on the Jas domain (of JAZs) and the NT, R2R3

portion of MYB21 and MYB24 (Song et al., 2011). MYB21 and
MYB24 had already been implicated in JA-mediated male fertil-
ity via transcriptional profiling and mutant analysis of the early
JA response. In these studies, myb21 mutants exhibited reduced
fertility as a result of effects in essential reproductive processes
such as stamen filament elongation, pollen viability, and anther
dehiscence. Although myb24 alone did not produce a phenotype,
myb24 exacerbated the myb21 mutant phenotype, suggesting that
the two proteins have at least partially overlapping roles (Man-
daokar et al., 2003, 2006). Over-expression of MYB21 in a coi1
mutant background was able to partially restore stamen filament
length, as well as restore anther dehiscence and provided low levels
of fertility. Interestingly, over-expression of MYB21 did not restore
other JA-related defects in coi1 mutants, such as insensitivity to
JA-mediated root growth inhibition, anthocyanin accumulation
or susceptibility to Bradysia impatiens. These results suggest that
MYB21 may perform a role that is directed toward fertility and
may be a less-important regulator of other JA-mediated growth
and defense responses (Song et al., 2011).

OTHER TRANSCRIPTION FACTORS OF THE bHLH AND MYB
FAMILIES
Another yeast-two-hybrid screen using JAZ1 as bait identified
GLABARA3 (GL3) and MYB75, transcription factors belong-
ing to the bHLH and MYB families, respectively. Further yeast-
two-hybrid showed that both GL3 and MYB75 interact with
most JAZ family members. Further, the MYB transcription factor
GLABRA1 (GL1), and the bHLH-family proteins, ENHANCER
OF GLABARA3 (EGL3), and TRANSPARENT TESTA8 (TT8)
also interacted with multiple JAZ proteins according to yeast-
two-hybrid assays (Qi et al., 2011). Yeast-two-hybrid assays using
truncated versions of both JAZ8 and JAZ11 indicated that the
interaction was dependent on the C-terminal, JAS-containing
region of both proteins.

Truncation analysis of the MYC transcription factors TT8
and EGL3 indicates that they both interact with JAZ1 and JAZ8
through a C-terminal portion that includes the bHLH domain (Qi
et al., 2011). Interactions of the MYB transcription factors, MYB75
and GL1, with JAZ1 or JAZ8 was independent of the R2R3 domain
and instead require the C-terminal portion of these proteins (Qi
et al., 2011). These interactions suggest that these bHLH and MYB
proteins may be direct targets of JAZ repressor proteins (Table 1),
functioning downstream of COI1 in the JA-induced signaling cas-
cade which regulates anthocyanin accumulation and trichome
initiation. This hypothesis is supported by additional data showing
that over-expression of GL3 in coi1-2 mutant plants unmistak-
ably rescues trichome initiation, and weakly rescues anthocyanin
accumulation (Qi et al., 2011). This study provided a plausible
mechanistic explanation for previous reports implicating WD-
repeat/bHLH/MYB protein complexes in the regulation of subset
of JA responsive genes defense genes (Zhang et al., 2003; Baudry
et al., 2004; Zimmermann et al., 2004).
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INTERACTION WITH EIN3
Ethylene, another important plant hormone, works together with
JA to regulate defense against necrotrophic pathogens and con-
trol some developmental processes (Wang et al., 2002). Binding of
ethylene to its receptor, encoded by the ETHYLENE RESPONSE1
gene family, allows for the downstream inactivation of CONSTI-
TUTIVE ETHYLENE RESPONSE1 (CTR1), a raf-like kinase. This
action subsequently facilitates the activation of a diverse set of
ethylene-responsive transcription factors, which regulate expres-
sion of ethylene-responsive genes (Guo and Ecker, 2004). Though
researchers have been able to successfully document many of the
effects of the crosstalk that takes place between ethylene and JA,
until recently there has not been a mechanistic explanation for this
crosstalk.

ETHYLENE INSENSITIVE 3 (EIN3), and its nearest homolog,
EIN3-LIKE 1 (EIL1), are two transcription factors largely respon-
sible for primary gene induction downstream of ethylene sensing
(Guo and Ecker, 2004). Recent work by Zhu et al. (2011) exploring
protein–protein interactions has shed light on the means by which
the JA-ethylene synergy and dependence takes place. This work
showed that JAZ1, JAZ3, and JAZ9 are all capable of interacting
with the ethylene signaling regulators EIN3 and EIL1 in yeast-two-
hybrid assays. Interaction was confirmed in the case of JAZ1–EIN3
and JAZ1–EIL1 with in vitro pull-down experiments as well as
by BiFC. Further characterization showed that a C-terminal, Jas-
containing fragment of JAZ1 is sufficient to pull down EIN3 (Zhu
et al., 2011).

The transcription factors EIN3 and EIL1 activate a subset of
pathogen-defense and developmental regulators. These transcrip-
tional regulators are stabilized in the presence of ethylene and
this stabilization allows them to induce expression of ethylene-
responsive genes. However, binding of JAZ proteins to EIN3
and EIL1 partially inhibits that activity, thus providing a sec-
ond level of control though JA crosstalk. In the presence of JA,
JAZ degradation allows full activation of the transcription factors,
thus providing for synergy between JA and ethylene in activating
defenses against necrotrophic pathogens. This recent work explor-
ing protein–protein interactions has shed light on the means by
which the JA-ethylene synergy and mutual dependence occurs in
planta (Zhu et al., 2011).

INTERACTION WITH DELLA PROTEINS
Gibberellins are a class of diterpene hormones required for many
growth processes including germination, stem and hypocotyl elon-
gation, and flower development. DELLA proteins function as
important regulators of GA signaling, and are responsible for
inhibiting expression of GA-induced genes in the absence of
hormone. Upon hormone sensing by the GA receptor, GID1, it
binds DELLAs, targeting them for ubiquitination by the SCFSLY1

complex, an E3 ligase, and subsequent degradation via the 26S
proteasome pathway. As a result, activation of the GA-mediated
transcriptional response occurs (Gao et al., 2011).

It has previously been shown that DELLA proteins, whose pri-
mary role is in the regulation of GA signaling, also affect expression
of JA-responsive genes (Cheng et al., 2009; Peng, 2009). The mech-
anism for this crosstalk, however, was not elucidated until recently,
when a yeast-two-hybrid screen using a portion of RGA, a DELLA

protein, as bait identified JAZ1 as an RGA-interacting protein.
JAZ3 and JAZ9 also interact with RGA according to yeast-two-
hybrid assays. Interaction assays using NT, ZIM, and Jas domain
deletions showed that interaction between JAZ and DELLA pro-
teins does not depend upon the ZIM domain, but is diminished
upon deletion of both the NT and Jas domain. To determine the
role of DELLAs in the regulation of JA signaling researchers tested
whether JAZ, RGA, and MYC2 are capable of forming a complex.
In these experiments it was shown that, GST-JAZ1co-purified,
with MYC2, an action that was attenuated in a dose-dependent
manner by the addition of RGA. In a reciprocal experiment, JAZ1
co-purified with RGA, an interaction that was attenuated by the
addition of MYC2. These pull-down experiments indicate that
RGA and MYC2 compete for binding to JAZ1, rather than form
a complex. The work provides plausible mechanistic explanation
for DELLA-mediated relief of JAZ repression in which DELLAs
sequester JAZ proteins and diminish JAZ–MYC2 interaction (Hou
et al., 2011).

Jasmonate-mediated root growth inhibition was tested using
seedlings harboring loss-of-function DELLA mutants. In these
experiments, which were all done in a ga1-3 (a GA synthe-
sis mutant) background, loss of DELLA function resulted in a
loss of JA responsiveness. Transient expression of 2x35S:JAZ1-
HA, 2x35S:MYC2, and 2x35S:RGA in Arabidopsis mesophyll
protoplasts resulted in increased expression of GUS from the
pTAT1:GUS reporter relative to co-expression of JAZ1 and MYC2
constructs alone, a phenomenon that is attenuated by the addition
of GA (Hou et al., 2011). Given the growth promoting role of GA
versus the defense promoting role of JA, it may be in the interest of
efficiency that these hormones act in such a way that each counter-
acts the transcriptional responses of the other. Identification and
characterization of the interactions in which JAZs take part, has
begun to shed light on the mechanism that plants use to modulate
these types of regulatory responses.

UNRESOLVED ISSUES IN JAZ INTERACTIONS
The research we have reviewed indicates that JAZ proteins interact
and influence many transcription factors, but there are two broad
questions that will require a more-detailed understanding of these
interactions. The bHLH transcription factors, MYC2, MYC3, and
MYC4, bind to JAZ proteins via a well-defined, NT JID (residues
93–160 in MYC2; Fernández-Calvo et al., 2011). Even though TT8
and EGL3 are related bHLH transcription factors with a relatively
well-conserved JID (Fernández-Calvo et al., 2011), it is the C-
terminal portion (which includes the bHLH domain) that was
found to mediate interaction of these proteins with JAZ1 and
JAZ8 (Qi et al., 2011). For the MYB transcription factors, MYB75
(PAP1) and GL1 binding to JAZ occurs through the C-terminal
portion of the protein (Qi et al., 2011), but for MYB21 and MYB24,
interaction was through an NT portion that is composed primar-
ily of the R2 and R3 domains (Song et al., 2011). It is not yet
clear whether these different findings reflect a genuine diversity
in JAZ-interaction sites, or if further tests of the specific residues
and motifs necessary and sufficient for JAZ binding will provide a
smaller set of sequence determinants.

All these bHLH and MYB proteins as well as EIN3 and EIL1
have been shown to bind to the C-terminus of JAZ and in some
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cases specifically to the Jas domain (Chini et al., 2007, 2009; Song
et al., 2011; Zhu et al., 2011). [For the DELLA proteins, binding
at both Jas and the N-terminus has been proposed (Hou et al.,
2011).] Because Jas is the only C-terminal sequence that is con-
served among the 12 JAZ proteins, it is likely that this domain
contains the binding site(s) for these transcription factors. The
Jas domain also contains the JA–Ile/COI1 binding site as defined
by protein-interaction studies and the crystal structure (Sheard
et al., 2011). It is possible that transcription factors compete for
the Jas domain with formation of the JAZ/JA–Ile/COI1 complex.
However, we do know that the JAZ1 binding sites for COI1 (in the
presence of coronatine) and for MYC2 are not congruent because
the mutations R205A and/or R206A in the JAZ1 Jas domain abol-
ish COI interaction but have no discernible effect on interaction
with MYC2 (Melotto et al., 2008).

Accurately mapping binding determinants on the JAZ proteins
and their transcription-factor partners may help to solve an endur-
ing puzzle in the JA hormone mechanism. Over-expression of
JAZΔJas proteins, including JAZ10.4, a naturally occurring splice
variant of JAZ10 pre-mRNA (Chung et al., 2009, 2011), result in
dominant, JA-insensitive phenotypes (Melotto et al., 2008; Chung
and Howe, 2009). These JAZΔJas proteins do not interact with
COI1 and are not degraded in plants treated with JA (Melotto
et al., 2008) so it has been proposed that they continue to act
as repressors by inhibiting the transcription factors that mediate
expression of JA-responsive genes. However, if the transcription
factors bind to JAZ (only) via the Jas domain, how can inhibition
be achieved? A model proposing poisoning of the SCFCOI1 ubiq-
uitin ligase by JAZΔJas protein, allowing persistence of full-length
JAZ proteins in the presence of JA hormone (Chini et al., 2007),
was based on a conclusion that JAZ proteins interacted with COI1
through the ZIM domain. Subsequent findings, and especially the
COI1 crystal structure (Sheard et al., 2011), with COI1 binding to
the Jas domain, make it doubtful that COI1–ZIM interactions are
physiologically relevant, making this explanation unlikely. Since
there is extensive dimerization (or oligomerization) among JAZ
proteins (mediated by the TIFY motif of the ZIM domain; Chini
et al., 2009; Chung and Howe, 2009), a second possibility is that
JAZΔJas proteins protect full-length JAZ from SCFCOI1-mediated
degradation through dimerization (Chini et al., 2009). However, it
is not clear why JAZΔJas–JAZ complexes should be more resistant
to degradation than JAZ–JAZ complexes.

More data are needed on the JAZ isoforms that persist in JA-
treated, 355:JAZΔJas plants. In addition however, protein–protein
interaction experiments including detailed mapping of the bind-
ing determinants in JAZ for MYC2 and other transcription factors

(as well as for COI1) will help in formulating and testing hypothe-
ses about the molecular mechanisms through which JAZΔJas
proteins produce strong JA-insensitive phenotypes.

CONCLUDING COMMENTS
JASMONATE ZIM-DOMAIN proteins are capable of a multi-
tude of biologically relevant protein–protein interactions required
for regulation of JA responses as well as for interaction with
other signaling pathways interconnected with JA signaling through
the expansive regulatory network (Table 1). In recent years, our
knowledge of JA signaling has greatly increased in no small part
because of our increased understanding of the interactions involv-
ing the JAZ family of proteins. Understanding the nature of
protein–protein interactions that take place within the core nuclear
JA signaling module, such as those which occur between JAZs and
MYC2, COI1 and NINJA, has provided researchers with the clues
required to elucidate the mechanics of the JA sensing mechanism.
Additionally, techniques such as TAP and the yeast-two-hybrid
screen have aided in the identification of new transcription factors
involved in the JA response.

In all likelihood more JAZ interactions will be discovered in the
future. Based on the examples covered in this review we expect
that these new interactions will identify additional components
of the signaling network that responds to JA hormone. Protein–
protein interactions provide a means by which plants can add
complexity to signaling networks, and other aspects of cellular
biochemistry. The individual roles for each of the JAZ proteins
have not been fully elucidated, and mapping the interactions of
individual JAZs could aid in this understanding. Additionally, the
biological relevance of JAZ–JAZ homo- and heterodimers has not
been determined. Understanding the interactions involved may
be essential for understanding how JA signaling is modulated in
order to respond to a diverse set of stressors and developmental
cues. Furthermore, published protein interaction screens (Pauwels
et al., 2010; Hou et al., 2011) and a recently published large-scale
documentation of the Arabidopsis interactome (Arabidopsis Inter-
actome Mapping Consortium, 2011) identify putative JAZ targets,
opening the door for additional discoveries to be made elucidating
the mechanism by which JAZs regulate a wide array of processes.
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The Arabidopsis thaliana SFD1 (suppressor of fatty acid desaturase deficiency1) gene (also
known as GLY1) is required for accumulation of 34:6 (i.e., 18:3–16:3) monogalactosyldiacyl-
glycerol (MGDG) and for the activation of systemic acquired resistance (SAR), an inducible
defense mechanism that confers resistance against a broad spectrum of pathogens. SFD1,
which has been suggested to be involved in lipid-based signaling in SAR, contains a puta-
tive chloroplast transit peptide and has glycerol-3-phosphate synthesizing dihydroxyacetone
phosphate (DHAP) reductase (also referred as glycerol-3-phosphate dehydrogenase) activ-
ity.The goals of this study were to determine if the DHAP reductase activity and chloroplast
localization are required for SFD1’s involvement in galactolipid metabolism and SAR signal-
ing. The crystal structure of a Leishmania mexicana glycerol-3-phosphate dehydrogenase
was used to model SFD1 structure and identify Lys194, Lys279, and Asp332 as potential
catalytic site residues in SFD1. Mutational analysis of SFD1 confirmed that Lys194, Lys279,
and Asp332 are critical for SFD1’s DHAP reductase activity, and its involvement in SAR.
SFD1 proteins with these residues individually substituted by Ala lacked DHAP reductase
activity and were unable to complement the SAR defect of the sfd1 mutant. The SFD1–
Ala279 protein was also unable to restore 34:6-MGDG content when expressed in the sfd1
mutant. In vivo imaging of a green fluorescent protein-tagged SFD1 protein demonstrated
that SFD1 is targeted to the chloroplast.The N-terminal 43 amino acids, which are required
for proper targeting of SFD1 to the chloroplast, are also required for SFD1’s function in
lipid metabolism and SAR. Taken together, these results demonstrate that SFD1’s DHAP
reductase activity is required in the chloroplast for lipid metabolism and defense signaling.

Keywords: lipid signaling, plant defense, systemic acquired resistance

INTRODUCTION
Glycerol-3-phosphate (G3P) feeds into glycolysis and gluconeo-
genesis, and serves as a precursor for the synthesis of membrane
lipids and storage lipids. In addition, G3P participates in a mito-
chondrial shuttle to channel reducing equivalents from the cytosol
into the mitochondria for respiration (Shen et al., 2006). Plants
have multiple mechanisms for the synthesis of G3P. For example,
glycerol kinase catalyzes the phosphorylation of glycerol to yield
G3P. In Arabidopsis thaliana, the NHO1 (also known as GLI1)-
encoded glycerol kinase synthesizes G3P in the cytosol (Kang et al.,
2003). Another G3P biosynthesis mechanism involves the NADH-
dependent reduction of dihydroxyacetone phosphate (DHAP) by
DHAP reductases (Gee et al., 1988; Kirsch et al., 1992). DHAP
reductases are generally grouped with and referred to as G3P dehy-
drogenase (GPDH). In animals, GPDH catalyze the oxidation of
G3P to DHAP. However, in plants, at the physiological pH, most
of these enzymes are essentially inactive as GPDHs, functioning
only as DHAP reductases (Gee et al., 1988; Kirsch et al., 1992; Wei
et al., 2001; Shen et al., 2006).

Four DHAP reductases/GPDHs have been studied in Arabidop-
sis. The At2g41540-encoded GPDHc1, which is located in the

cytosol, functions along with the At3g10370-encoded mitochon-
drial FAD-dependent GPDH (FAD–GPDH) to shuttle reducing
equivalents into the mitochondria for respiration (Shen et al.,
2003, 2006). In contrast, the At5g40610-encoded DHAP reduc-
tase contains a plastid transit peptide at its N-terminus and is
suggested to function in the plastids (Wei et al., 2001). The SFD1
(also known as GLY1) gene (At2g40690) encodes another DHAP
reductase, which was shown to be required for glycerolipid syn-
thesis in the chloroplasts (Miquel et al., 1998; Kachroo et al., 2004;
Nandi et al., 2004). Loss-of-function mutations in this gene impact
the acyl composition of monogalactosyldiacylglycerol (MGDG;
Miquel et al., 1998; Nandi et al., 2004), resulting in a substan-
tial reduction in levels of the chloroplast synthesized 18:3–16:3
acyl chain containing 34:6-MGDG species and a parallel increase
in the levels of 18:3–18:3 acyl chain containing 36:6-MGDG,
which is presumably derived from diacylglycerol that has been
shunted from the cytosol into the chloroplast as a compensatory
mechanism.

In Arabidopsis, enzymes involved in the synthesis of G3P also
function in stress response. For example, GPDHc1 expression
was induced in response to stress imposed by high salt and
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dehydration (Shen et al., 2006). GPDHc1 expression was also
induced in response to treatment with abscisic acid, an important
stress hormone. Plants lacking GPDHc1 function were impaired
in maintaining cellular redox homeostasis, which resulted in a
higher steady state level of reactive oxygen species in the gpdhc1
mutant plant and a corresponding increase in ROS scavenging
enzymes (Shen et al., 2006). In line with a role for GPDHc1 in
plant stress response, the mutant plant exhibited heightened sen-
sitivity to salt stress and abscisic acid (Shen et al., 2006). The
NHO1 gene is also involved in plant stress response. NHO1 is
required for resistance against non-host and avirulent strains of
Pseudomonas spp. (Kang et al., 2003). NHO1 expression is induced
in plants inoculated with these pathogens. Furthermore, loss of
NHO1 function resulted in increased growth of these pathogens in
the nho1 mutant. In contrast, NHO1-mediated resistance is over-
come by virulent strains of Pseudomonas syringae, which suppress
NHO1 expression. NHO1 is also required for resistance against
the fungal pathogen Colletotrichum higginsianum (Chanda et al.,
2008).

Like NHO1, SFD1 is also involved in plant defense against
pathogens. Although not required for basal resistance to P. syringae
(Nandi et al., 2004; Chaturvedi et al., 2008), SFD1 is required
for Arabidopsis resistance against C. higginsianum (Chanda et al.,
2008). SFD1 is also required for systemic acquired resistance
(SAR; Nandi et al., 2004; Chaturvedi et al., 2008; Chanda et al.,
2011), which is an inducible defense mechanism that is acti-
vated systemically throughout the foliage in response to a prior
exposure to pathogen elsewhere on the foliage (Métraux et al.,
2002; Durrant and Dong, 2004; Vlot et al., 2008; Shah, 2009).
The activation of SAR requires the translocation of a signal
from the pathogen-inoculated organ to rest of the foliage, where
it stimulates salicylic acid accumulation and enhances resis-
tance against subsequent infections. The vasculature is the con-
duit for the long-distance translocation of this signal (Heil and
Ton, 2008; Shah, 2009). sfd1 Mutant plants are defective in this
long-distance signaling (Chaturvedi et al., 2008). Unlike vascu-
lar sap-enriched petiole exudates collected from wild type (WT)
leaves treated with a SAR-inducing pathogen, comparable exu-
dates collected from the sfd1 mutant leaves were unable to acti-
vate SAR when applied to leaves of the WT plant (Chaturvedi
et al., 2008). By contrast, the sfd1 mutant leaves were sensi-
tive to the SAR-inducing activity contained in WT petiole exu-
dates. Considering that mutations in sfd1 impact lipid metab-
olism (Miquel et al., 1998; Kachroo et al., 2004; Nandi et al.,
2004), it was suggested that a lipid or a lipid-derived factor was
required for the accumulation in the vasculature and/or long-
distance translocation of a SAR-inducing activity (Chaturvedi
et al., 2008). Alternatively, G3P, which has been shown to impact
plant defenses (Kachroo and Kachroo, 2009; Chanda et al., 2011),
could have a more direct role in SAR. However, the molecu-
lar mechanism of SFD1’s involvement in SAR signaling remains
unclear.

SFD1 encodes a 420 amino acid protein (Figure 1A). The sfd1-1
and gly1-2 alleles contain G → A transition mutations within the
first 500 nucleotides of the SFD1 coding region that likely impact
splicing of the SFD1 RNA (Kachroo et al., 2004; Nandi et al., 2004).
In contrast, the gly1-3 allele contains a nonsense mutation that is

predicted to result in a truncated protein lacking the C-terminal
109 amino acids (Kachroo et al., 2004), which includes part of
the predicted DHAP-binding domain (Figure 1A), and the sfd1-2
allele contains a mis-sense mutation that results in the replace-
ment of Ala at amino acid position 381 with Thr (Nandi et al.,
2004). Although this alteration in sfd1-2 is within the DHAP-
binding domain, it is not within the predicted active site region
of the protein. Thus, the existing data does not exclude the pos-
sibility that the involvement of SFD1 in SAR is independent of
its DHAP reductase activity. Indeed, moonlighting, that is hav-
ing more than one biochemical function, is not uncommon for
proteins (Jeffery, 1999; Moore, 2004). For example, in humans,
the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
also possesses a protein kinase activity and a uracil glycosylase
activity that is involved in DNA repair (Meyer-Siegler et al., 1991).
Likewise, a plant ferredoxin-dependent glutamate synthase was
shown to form a complex with UDP-sulfoquinovose synthase and
thus participate in sulfolipid biosynthesis, in addition to its role in
amino acid metabolism (Shimojima et al., 2005). Thus, it is impor-
tant to determine if SFD1’s DHAP reductase activity is required
for the activation of SAR.

Since the major lipid defect in the sfd1 mutant is the reduction
in levels of the plastid synthesized 34:6-MGDG, we had suggested
that SFD1 likely functions in the plastids (Nandi et al., 2004).
However, there is a lack of agreement between the different subcel-
lular prediction programs in predicting the intracellular location
of SFD1. For example, ChloroP 1.11 predicts that SFD1 does not
have a chloroplast transit peptide. In contrast, iPSORT2 predicts
that SFD1 has, at its N-terminus, an apparent chloroplast transit
peptide (Figure 1A). Here we show that the N-terminal 43 amino
acids, which are not essential for SFD1’s DHAP reductase activity,
are required for proper targeting of SFD1 to chloroplast. Further-
more, we demonstrate that the N-terminal 43 amino acids and
DHAP reductase activity of SFD1 are critical for lipid metabolism
and its involvement in SAR signaling.

RESULTS
HOMOLOGY OF SFD1 TO LEISHMANIA MEXICANA GPDH
Sequence alignment of the SFD1 protein to other known GPDHs
predicted an NAD-dependent GPDH domain corresponding to
amino acid residues 267–411 at the C-terminal half of SFD1, and
an NAD-binding domain (residues 88–250) in the N-terminal half
of the protein (Figure 1A; Nandi et al., 2004). A highly conserved
NAD+/NADH-binding GxGxxG motif is present beginning at
amino acid 94 (Figure 1A). The crystal structure of the Leishma-
nia mexicana GPDH (LmGPDH) holo enzyme in complex with
NADH revealed that amino acids Lys125, Lys210, and Asp263 of
LmGPDH are in the vicinity of the nicotinamide moiety of NADH
(Suresh et al., 2000). Further study of a ternary complex involving
LmGPDH with the substrate DHAP and the product NAD+ con-
firmed that amino acids Lys125, Ser155, Ala157, Lys210, Asn211,
Asp263, Thr267, Ser273, Arg274, and Asn275 are part of the active
site region (Suresh et al., 2000; Choe et al., 2003). Alignment of the
LmGPDH sequence with the SFD1 amino acid sequence revealed

1http://www.cbs.dtu.dk/services/ChloroP/
2http://www.hypothesiscreator.net/iPSORT/
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FIGURE 1 | Amino acid sequence and functional domains of SFD1 protein

and their alignment with the Leishmania mexicana GPDH. (A)

InterProScan predicted NAD-dependent glycerol-3-phosphate dehydrogenase
domain (residues 88–250) indicated in red, and a NAD-dependent
glycerol-3-phosphate dehydrogenase C-terminal domain (residues 267–411)
indicated in blue. The putative N-terminal chloroplast transit peptide as
predicted by iPSORT is overlined. The Gly residues in the GxGxxG
NAD-binding motif that is conserved amongst most GPDHs, and the active
site residues Lys194, Lys279, and Asp332, which were chosen for
site-directed mutagenesis, are in bold black and underlined. (B) Alignment of

SFD1 protein to Leishmania mexicana GPDH. ClustalW software was used to
obtain multiple sequence alignment between SFD1 and the 1EVYA (GenBank
accession: MT5G51560) GPDH from Leishmania mexicana. Active site
residues in LmGPDH (Lys125, Ser155, Ala157, Lys210, Asn211, Asp263,
Thr267, Ser273, Arg274, and Asn275) are indicated in bold red and underlined,
and the corresponding residues of SFD1 indicated in bold red. Other residues
that are identical between LmGPDH and SFD1 are in bold blue. The
NAD-dependent glycerol-3-phosphate dehydrogenase N-terminal domain is
overlined with a dashed line, while a solid overline denotes the C-terminal
NAD-dependent glycerol-3-phosphate dehydrogenase domain.

that these amino acids are conserved in SFD1 and correspond
to amino acids Lys194, Ser226, Ala228, Lys279, Asn280, Asp332,
Thr336, Ser342, Arg343, and Asn344 in SFD1 (Figure 1B). In
LmGPDH, Lys125, and Lys210 have been shown to form H-bonds
with the O-2 atom of DHAP, from which a proton is removed
during the oxidation of G3P to DHAP. Furthermore, replacement
of Lys125 and Lys210 with Ala or Met in LmGPDH disrupted
its enzyme activity (Choe et al., 2003). To further determine if
Lys194 and Lys279 in SFD1 correspond to Lys125 and Lys210
of LmGPDH, a homology model was generated using SWISS-
MODEL3, a protein modeling server (Arnold et al., 2006), and
the RasMol molecular graphics visualization tool4. Analysis of the
derived model of the SFD1-WT protein indicated that the overall

3http://swissmodel.expasy.org/
4http://rasmol.org

structure of SFD1 is similar to that of LmGPDH (Figure 2) and
includes 17 helices, 12 strands, and 29 turns. Based on this model
(Figure 2), SFD1 amino acids Lys194 and Lys279 are located in the
same position as amino acids Lys125 and Lys210 in LmGPDH. This
model also predicts that Asp332 in SFD1, which corresponds to
Asp263 in LmGPDH, is adjacent to Lys194 and Lys279 (Figure 2)
and thus is likely involved in SFD1’s DHAP reductase activity.

BIOCHEMICAL CHARACTERIZATION OF WILD TYPE AND MUTANT SFD1
PROTEINS
To determine if Lys194, Lys279, and Asp332 are critical for
SFD1’s enzymatic activity, recombinant wild type, and mutant
SFD1 proteins in which these amino acids were replaced by
Ala were produced in Escherichia coli. The recombinant pro-
teins had a His-tag at the C-terminal end, which facilitated their
purification over a Ni-column. As shown in Figure 3A, the WT
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FIGURE 2 | Proposed structure of wild type and mutated SFD1 proteins

based on the structure of a Leishmania mexicana G3P dehydrogenase.

A ribbon model of the Leishmania mexicana 1EVYA GPDH enzyme based
on its crystal structure is shown. The structure of the wild type SFD1
protein (SFD1-WT) and the SFD1–Ala194, SFD1–Ala279, and SFD1–Ala332
proteins in which residues Lys194, Lys279, and Asp332 are replaced by Ala
(denoted as beads), were modeled based on the structure of 1EVYA with
the SWISS-MODEL and RasMol 2.7.4.2 www.rasmol.org softwares.

and mutant SFD1 proteins exhibited the expected molecular mass
of ∼45 kDa. SFD1-WT demonstrated DHAP reductase activity
(Figure 3B) with Michaelis–Menten kinetics with an apparent
K m of 0.33 μM for DHAP (Table 1). Apparent V max for SFD1-
WT was 49 μmol mg−1 min−1 (Table 1). Replacement of any one
of the three residues, Lys194, Lys279, and Asp332 with Ala in
the SFD1–Ala194, SFD1–Ala279, and SFD1–Ala332 recombinant
constructs resulted in complete loss of SFD1’s DHAP reductase
activity (Table 1).

Further confirmation of the importance of Lys194, Lys279, and
Asp332 for SFD1’s enzymatic activity was obtained by expressing
the Ala-substituted mutant proteins and the SFD1-WT protein
in the E. coli gpsA mutant strain BB20-14. This E. coli mutant
lacks a GPDH activity resulting in G3P auxotrophy, which can
be complemented by glycerol (Cronan and Bell, 1974) and by the
expression of SFD1 (Kachroo et al., 2004; Nandi et al., 2004). As
shown in Figure 3C, unlike the SFD-WT construct, the SFD1–
Ala194, SFD1–Ala279, and SFD1–Ala332 mutant constructs were
unable to complement the G3P auxotrophy of the E. coli gpsA
mutant strain BB20-14. The Ala substitutions in SFD1–Ala194,
SFD1–Ala279, and SFD1–Ala332 are predicted to not have any
significant impact on the structure of SFD1 (Figure 2). Taken

FIGURE 3 | DHAP reductase activity of WT and mutant SFD1 protein.

(A) Immunodetection of the recombinant SFD1 proteins with anti-His-tag
antibody. (B) DHAP reductase activity of the purified recombinant SFD1-WT
and SDF1Δ43 proteins. DHAP reductase activity was measured as the rate
of decrease in A340 nm due to oxidation of NADH to NAD+. No activity was
detected with the recombinant SFD1–Ala194, SFD1–Ala279, and
SFD1–Ala332 proteins. (C) Functional complementation of an E. coli G3P
auxotrophic mutant by WT and mutant SFD1 proteins. Growth of the E. coli
DHAP reductase-deficient strain BB20-14 expressing the WT and mutant
SFD1 constructs on minimal liquid M9 medium with or without 0.1%
glycerol. The empty pET28c vector-transformed E. coli provided the
negative control. Cell growth was determined by measuring the optical
density at A600. G+, supplemented with glycerol; G−, without glycerol.
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Table 1 | DHAP reductase activity of WT and mutant SFD1 proteins.

SFD1 construct K m (μM) V max (μmol mg−1 min−1)

SFD1-WT 0.33 ± 0.16 49.24 ± 4.58

SFD1Δ43 0.20 ± 0.05 41.11 ± 1.93

SFD1–Ala194 nd nd

SFD1–Ala279 nd nd

SFD1–Ala332 nd nd

nd, No activity detected.

together the above results confirm that Lys194, Lys279, and Asp332
are critical for SFD1’s DHAP reductase activity.

SFD1’s DHAP REDUCTASE ACTIVITY IS CRITICAL FOR ITS
INVOLVEMENT IN SAR AND LIPID METABOLISM
To determine if SFD1’s DHAP reductase activity is required for its
involvement in SAR, the SFD1–Ala194, SFD1–Ala279, and SFD1–
Ala332 mutant constructs were expressed from the Cauliflower
mosaic virus 35S gene promoter in the sfd1-1 mutant background.
Plants transformed with the SFD1-WT and empty vector pro-
vided the positive and negative controls, respectively, for these
experiments. The WT accession Nössen and sfd1-1 mutant plant
provided additional controls. Reverse-transcription polymerase
chain reactions (RT-PCR) analysis confirmed that compared to
the sfd1-1 mutant and sfd1-1 mutant plants transformed with the
pMDC32 empty vector (Vect), the SFD1 transcript accumulated
at high levels in transgenic plants with the wild type SFD1 (SFD1-
WT) and SFD1–Ala194, SFD1–Ala279, and SFD1–Ala332 mutant
constructs (Figure 4A). To monitor SAR in these transgenics, a
mix of plants derived from three independent transgenic lines for
each construct were used. SAR was induced by inoculating (1˚
inoculation) three fully expanded lower leaves of each plant with a
suspension (in 10 mM MgCl2) of an avirulent strain of P. syringae
pv. tomato DC3000 (Pto–avrRpt2). Three days later, four upper
leaves were challenged (2˚ inoculation) with P. syringae pv. mac-
ulicola (Pma), a virulent pathogen, and bacterial numbers in these
Pma-inoculated leaves monitored 3 days post inoculation (3 dpi).
Plants that received a 1˚ inoculation of 10 mM MgCl2 provided
the negative control for comparing the extent of SAR-enhanced
resistance to Pma. As shown in Figure 4B, in the WT plant Pma
numbers were significantly lower in the plants that received a 1˚
inoculation of Pto–avrRpt2 than in those that were treated with
10 mM MgCl2, indicating that SAR was activated. In contrast, as
previously demonstrated (Nandi et al., 2004; Chaturvedi et al.,
2008), SAR was not activated in the sfd1-1 mutant. Pma numbers
were comparable in the upper leaves of the sfd1-1 mutant plants
that were previously treated with 10 mM MgCl2 or Pto–avrRpt2.
Like the sfd1-1 mutant and the empty vector (Vect) transformed
sfd1-1 mutant plants, SAR was also not activated in transgenic
plants transformed with the SFD1–Ala194, SFD1–Ala279, and
SFD1–Ala332 mutant constructs, confirming that these amino
acids, which are critical for SFD1’s DHAP reductase activity are
also required for SFD1’s involvement in SAR.

Expression of SFD1-WT also complemented the galactolipid
defect of the sfd1-1 allele. As previously demonstrated and shown

FIGURE 4 | Systemic acquired resistance in sfd1-1 transgenic plants

expressing the wild type and mutant SFD1. (A) RT-PCR analysis of the
SFD1 transgene expression in leaves of the sfd1-1 mutant plants
transformed with the empty pMDC32 vector (Vect), the wild type
(SFD1-WT) and the SFD1Δ43, SFD1–Ala194, SFD1–Ala279, and
SFD1–Ala332 mutant constructs, and the SFD1–GFP and SFD1Δ43–GFP
protein fusion expressing constructs. RNA extracted from non-transformed
sfd1-1 mutant provided the negative control (−). The attR1-F plus a reverse
primer (SFD-RCt) specific for the C-terminus of SFD1 were used for the
PCR reaction to monitor expression of the SFD1 transgenes. This primer
pair does not detect expression of the genomic SFD1. Expression of the
ACTIN gene, ACT8, provided the control for RT-PCR. (B) SAR conferred
resistance against P. syringae pv. maculicola in the wild type (WT)
Arabidopsis accession Nössen plant, the sfd1-1 mutant, and sfd1-1 mutant
plants transformed with the indicated constructs. SAR was induced by prior
inoculation of a lower leaf with P. syringae pv. tomato DC3000 carrying the
avrRpt2 avirulence gene (black bars). Plants similarly treated with 10 mM
MgCl2 (white bars) provided the mock control for SAR. Three days after the
primary inoculation the distal leaves were challenged with P. syringae pv.
maculicola (Pma). Pma numbers were monitored 3 days post inoculation.
Each bar represents the average colony forming units (CFU) of Pma ± SD in
three samples each containing five leaf disks. An *indicates significant
(P < 0.05) differences in bacterial numbers relative to the corresponding
mock control.

in Figures 5A,B, the sfd1-1 mutation resulted in a reduction in
the content of the plastid synthesized 34:6-MGDG. Furthermore,
a corresponding increase in 36:6-MGDG, which is synthesized
from DAG derived from the ER pathway, was also observed in
the sfd1-1 mutant. To determine if the DHAP reductase activ-
ity of SFD1 is essential for its involvement in lipid metabolism,
34:6- and 36:6-MGDG content were compared between the SFD1-
WT and SFD1–Ala279 transgenic plants. The WT and the sfd1-1
mutant provided additional controls. As shown in Figure 5A,
in comparison to the SFD1-WT plants, 34:6-MGDG content as
a fraction of total MGDG was lower in the SFD1–Ala279 plant
and 36:6-MGDG content was higher. The 34:6- and 36:6-MGDG
contents in the SFD1–Ala279 plant were comparable to those in
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FIGURE 5 | 34:6- and 36:6-MGDG content in sfd1-1 transgenic plants

expressing wild type and mutant SFD1. (A) 34:6- and 36:6-MGDG
content in the wild type accession Nössen (WT), sfd1-1, and sfd1-1
transformed with the SFD1-WT and SFD1–Ala279 mis-sense mutant. (B)

34:6- and 36:6-MGDG content in the WT, sfd1-1, and sfd1-1 transformed
with the empty pMDC32 vector (Vect) and the SFD1Δ43 construct. In
(A,B), all values are the average (±SD) of five independent samples given
as the fraction of 34:6- and 36:6-MGDG species relative to the total MGDG
content. An *denotes significant (P < 0.05) differences relative to the WT. A
**denotes significant (P < 0.05) differences relative to all other genotypes.

the sfd1-1 mutant plant, thus confirming that Lys279, and hence
SFD1’s DHAP reductase activity is critical for its involvement in
Arabidopsis lipid metabolism.

SFD1 IS LOCALIZED TO THE CHLOROPLAST
As mentioned above and indicated in Figure 1A, iPSORT pre-
dicts that SFD1 has at its N-terminus a chloroplast targeting
sequence. Furthermore, proteomics studies have identified SFD1
in the envelope fraction of chloroplasts (Joyard et al., 2010). We
tested chloroplast localization of SFD1 in transgenic plants that
expressed SFD1 fused to green fluorescent protein (GFP). GFP was
fused to the last (carboxyl terminal) amino acid of SFD1. RT-PCR

analysis confirmed expression of the transgene in the SFD1–GFP
plants (Figure 4A). Expression of the SFD1–GFP fusion also com-
plemented the SAR defect of the sfd1-1 mutant (Figure 6A),
confirming that the fusion protein was biologically functional.
By comparison, expression of GFP alone was unable to comple-
ment the SAR defect of the sfd1-1 mutant. The GFP fluorescence
(green) and red autofluorescence of chloroplasts was monitored
in protoplasts isolated from the SFD1–GFP transformed sfd1-1
plants, and, as controls in protoplasts isolated from sfd1-1 plants
expressing GFP and the non-transformed sfd1-1 plants. As shown
in Figure 6B,protoplasts derived from the SFD1–GFP transformed
line exhibited a GFP fluorescence pattern that overlapped very
well with the red autofluorescence of chloroplasts, confirming that
SFD1–GFP fusion is localized to the chloroplast. By contrast, in
protoplasts expressing GFP alone, strong green fluorescence was
observed outside the chloroplasts. As expected, green fluorescence
was not observed in protoplasts derived from the non-transformed
sfd1-1 plants.

To determine if the N-terminus of SFD1, which contains the
predicted chloroplast targeting sequence, is required for targeting
SFD1 to the chloroplast, a SFD1Δ43–GFP construct was generated
in which the N-terminal 43 amino acids of SFD1 were deleted
and GFP was fused to the last (carboxyl terminal) amino acid
of SFD1. RT-PCR confirmed that the SFD1Δ43–GFP construct
was expressed in the transgenic plants (Figure 4A). Protoplasts
derived from transgenic sfd1-1 plants expressing the SFDΔ43–
GFP construct were observed for GFP fluorescence pattern. As
shown in Figure 6B, the GFP fluorescence pattern of SFD1Δ43–
GFP showed a punctate pattern that did not overlap with the
red autofluorescence of chloroplasts, thus indicating that the N-
terminal 43 amino acids are required for proper targeting of SFD1
to chloroplasts.

N-TERMINAL 43 AMINO ACIDS ARE CRITICAL FOR SFD1’s
INVOLVEMENT IN LIPID METABOLISM AND DEFENSE SIGNALING
The SFD1Δ43 protein expressed and purified from E. coli
(Figure 3A) exhibited DHAP reductase activity with an appar-
ent K m of 0.2 μM for DHAP and V max of 41 μmol mg−1 min−1

(Figure 3B; Table 1). In addition, this construct efficiently com-
plemented the G3P auxotrophy of the E. coli gpsA mutant strain
BB20-14 (Figure 3C), thus indicating that the N-terminal 43
amino acids of SFD1 are not critical for its DHAP reductase
activity. However, expression of SFD1Δ43 in transgenic plants
did not complement the MGDG defect of the sfd1-1 mutant
(Figure 5B). Furthermore, SFD1Δ43 was unable to restore SAR
in the sfd1-1 mutant background (Figure 4B). Similarly, the
SFD1Δ43–GFP fusion was unable to complement the SAR defect
of sfd1-1 (Figure 6A). Taken together, these results indicate that
the N-terminal 43 amino acids, which are required for targeting
SFD1 to chloroplasts, are critical for SFD1’s involvement in SAR
and lipid metabolism.

DISCUSSION
The Arabidopsis SFD1 gene was previously demonstrated to be
required for long-distance signaling associated with the activation
of SAR and the accumulation of 34:6-MGDG, a major glycerolipid
that is synthesized in the plastid (Nandi et al., 2004; Chaturvedi
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FIGURE 6 |The N-terminal 43 amino acids of SFD1 are required for

targeting SFD1 to the chloroplast. (A) SAR conferred resistance against
P. syringae pv. maculicola (Pma) in the wild type (WT) Arabidopsis
accession Nössen plant, and in transgenic sfd1-1 mutant plants that
express GFP or the SFD1–GFP and SFD1Δ43–GFP constructs in which the
GFP coding sequence is fused in frame to the C-terminus of the SFD1
protein. Refer to legend to Figure 4B on details for the induction of SAR. An
*indicates significant (P < 0.05) differences in Pma numbers in plants that
were previously treated with an avirulent pathogen (black bars) relative to
plants that received a prior mock treatment (white bars). (B) The green
fluorescence of GFP and red autofluorescence of chloroplasts were
observed in protoplasts isolated from leaves of 4-week-old sfd1-1 mutant,
and transgenic sfd1-1 mutant plants expressing GFP, SFD1–GFP, and
SFD1Δ43–GFP. Merged images of green fluorescence of GFP and red
autofluorescence of chloroplasts are also depicted.

et al., 2008). Evidence provided here demonstrates that SFD1’s
DHAP reductase activity is essential for its involvement in SAR
and the accumulation of 34:6-MGDG. Ala substitution of Lys194,

Lys279, and Asp332 in SFD1, which correspond to the critical
active site residues in the L. mexicana LmGPDH, resulted in loss
of SFD1’s DHAP reductase activity (Table 1), and in its ability to
complement the SAR and the 34:6-MGDG composition defect of
the sfd1-1 mutant (Figures 4B and 5A). Fluorescence microscopy
of cells expressing GFP-tagged SFD1 revealed that the SFD1 pro-
tein is localized to the chloroplasts (Figure 6B). These results are
in agreement with a recent proteomic study, in which SFD1 was
recovered with the envelope fraction of chloroplasts (Joyard et al.,
2010). The N-terminal 43 amino acids were required for the proper
localization of SFD1 to chloroplasts (Figure 6B). The SFD1Δ43
protein, which lacks these 43 amino acids, was unable to comple-
ment the SAR and 34:6-MGDG deficiency of the sfd1-1 mutant
allele (Figures 4B and 5B). Similarly, the SFD1Δ43–GFP fusion
protein was also unable to restore SAR in the sfd1-1 mutant back-
ground (Figure 6A). Since the SFD1Δ43 protein possesses DHAP
reductase activity, these results suggest that the proper targeting of
SFD1 to chloroplasts is critical for its involvement in SAR signaling
and lipid metabolism.

The SFD1Δ43 protein retains DHAP reductase activity and is as
active as the WT SFD1 protein in vitro (Figure 3B; Table 1). How-
ever, since SFD1Δ43 does not exhibit chloroplast localization, any
G3P synthesized outside the chloroplast by this protein is not suf-
ficient to compensate for the deficiency of the sfd1-1 mutant, thus
suggesting that G3P synthesized within the chloroplast is criti-
cal for SAR and galactolipid metabolism. The At5g40610-encoded
AtGPDHp is another chloroplastic DHAP reductase from Ara-
bidopsis that has been biochemically characterized (Wei et al.,
2001). Many features of AtGPDHp are similar to that of SFD1.
Both proteins are of comparable size (40–45 kDa) and have K m’s
for DHAP that are in the low micro molar range (AtGPDHp
K m = 13 μM; SFD1 K m = 0.3 μM). In addition, AtGPDHp has
a pH optimum of 7.5 that is comparable to that of recombi-
nant SFD1 (optimum pH 7.2), and both proteins are localized
to the chloroplast. AtGPDHp exhibits 29% (101 of 343 amino
acids) identity and 46% (158 of 343 amino acids) similarity with
SFD1 (Krothapalli, 2008). However, unlike SFD1, knock-out of
AtGPDHp did not have a major impact on the content and compo-
sition of galactolipid and other glycerolipids in the atgphdp mutant
(Krothapalli, 2008). Furthermore, Krothapalli (2008) found that
the atgphdp mutant, unlike the sfd1 mutant, was SAR-competent
and the severity of SAR-deficiency was comparable between sfd1
single mutant and the sfd1 atgpdhp double mutant, suggesting that
unlike SFD1, the AtGPDHp protein does not have a major role in
leaf glycerolipid synthesis and SAR signaling. However, while this
manuscript was being prepared, another study showed that SAR
was compromised in an atgpdhp mutant (Chanda et al., 2011).
Although the reason for the discrepancy between these two inde-
pendent studies (Krothapalli, 2008; Chanda et al., 2011) is not
clear, it is quite possible that the involvement of the atgpdhp gene
in SAR is conditioned by other factors and is required under cer-
tain conditions, but not in others. However, in concordance with
a lack of effect of the AtGPDHp gene in defense, AtGPDHp is not
required for Arabidopsis resistance to C. higginsianum as SFD1 is
(Chanda et al., 2008). AtGPDHp’s lack of effects or low-level effects
on SAR and lipid metabolism may be due to its weak expression
in leaf tissue, compared to its expression in floral tissues, siliques,
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and young seedlings (Wei et al., 2001). It is also plausible that
SFD1 and AtGPDHp are expressed in different cell types. Thus,
G3P synthesized by these two enzymes has different functions in
Arabidopsis. Alternatively, Arabidopsis leaf cells may contain dif-
ferent pools of G3P in the plastid, with the SFD1-derived G3P
pool contributing to galactolipid metabolism and SAR and the
AtGPDHp-derived G3P pool presumably contributing to other
biochemical processes.

In agreement with the results presented here demonstrating
that the DHAP reductase activity of SFD1 is required for SAR,
Chanda et al. (2011) demonstrated that applying G3P, along with
vascular sap from uninfected wild type plants, complements the
SAR defect in a gly1 (sfd1) mutant. However, in the absence of vas-
cular sap, G3P was not capable of restoring SAR in the gly1 mutant,
suggesting that an additional factor that is present in vascular sap
is required for the G3P-induced systemic resistance. Furthermore,
G3P, when applied with vascular sap from uninfected plants was
unable to induce the systemic accumulation of salicylic acid that is
observed in biologically induced SAR. Rather, G3P-induced accu-
mulation of azelaic acid (Chanda et al., 2011), a defense priming
metabolite, which like G3P can enhance the strength of SAR (Jung
et al., 2009). The sfd1 mutant is also less sensitive to dehydroabi-
etinal, a C20 abietane diterpenoid that was recently identified as a
vascular translocated factor, and the most potent activator of SAR
(Shah, 2009; R. Chaturvedi and J. Shah, unpublished). Unlike, G3P
and azelaic acid, local application of dehydroabietinal leads to a
systemic induction in salicylic acid accumulation and enhanced
disease resistance. Taken together, these results suggest that SFD1
has an additional function in SAR that promotes the effect of
dehydroabietinal in SAR.

In summary, results presented here demonstrate that SFD1’s
DHAP reductase activity is required in the chloroplast for its
participation in lipid metabolism and defense signaling.

MATERIALS AND METHODS
PLANT AND PATHOGEN CULTIVATION
Arabidopsis thaliana plants were grown at 22˚C in growth cham-
bers/rooms programmed for 14 h light (100 μE m−2 s−1) and 10 h
dark cycle in autoclaved peat-based planting mixture (Premier Pro
Mix-PGX, Premier Tech Horticulture5).

PATHOGEN INOCULATIONS
A suspension (107 cfu ml−1 in 10 mM MgCl2) of an avirulent
strain of Pseudomonas syringae pv. tomato DC3000 carrying the
avrRpt2 avirulence gene (Pto–avrRpt2) was infiltrated (1˚ inoc-
ulation) into three fully expanded leaves to activate SAR, as
previously described (Chaturvedi et al., 2008). 10 mM MgCl2-
infiltrated plants provided the mock controls. Three days later,
four upper leaves were challenged (2˚ inoculation) with a sus-
pension (105 cfu ml−1) of the virulent pathogen P. syringae pv
maculicola ES4326 (Pma). Three days after the 2˚ inoculation
the Pma-inoculated leaves were harvested and bacterial counts
in leaf disks (area = 0.28 cm2) determined as previously described
(Chaturvedi et al., 2008). A total of 15 leaf disks (three replications
of five leaf disks in each sample) were analyzed for each treatment.

5http://www.pthorticulture.com/

PLASMIDS FOR IN PLANTA EXPRESSION OF RECOMBINANT SFD1
PROTEIN
DNA containing wild type, truncated and mutant versions of
the SFD1 open reading frames were cloned in the pET28c vec-
tor (Novagen6) to generate SFD1-WT (full length), SDF1Δ43
(lacks DNA encoding the N-terminal 43 amino acids of SFD1),
and SFD1–Ala194, SFD1–Ala297, and SFD1–Ala332 in which Lys
at amino acids 194 and 279, and Asp at 332 were replaced by
Ala, respectively. The pET28c− SFD1-WT clone was generated
by ligating the SFD1 cDNA from the plasmid U10925 (obtained
from the Arabidopsis Biological Resource Center, Ohio State Uni-
versity7) into the EcoRI and SalI sites of pET28c. Two sets of PCR
reactions were set up in which the wild type SFD1 clone in pET28c
(SFD1-WT) was used as a template to generate the SFD1–Ala194,
SFD1–Ala297,and SFD1–Ala332 mutant constructs. For construc-
tion of SFD1–Ala194 the first set of PCR reactions utilized the
forward mutagenic primer SFD1-a1 and the T7-R primer (Table 2)
to amplify SFD1 sequences 3′ to the region spanning amino acid
194. The second set of reactions involved the T7-F primer and the
reverse mutagenic primer SFD1-a2 to amplify SFD1 sequences 5′
to the region spanning amino acid 194. Both reaction products
were subsequently combined, diluted, and used as a template in a
PCR reaction with the T7-F and T7-R primers. The resultant PCR
product was treated with EcoRI and SalI (New England Biolabs8)
and the digested amplicon cloned between the EcoRI and SalI sites
of pET28c to yield pET28c− SFD1–Ala194. The SFD1–Ala297 and
SFD1–Ala332 constructs were similarly made using the SFD1-b1
and SFD1-b2, and SFD1-c1 and SFD1-c2 mutant primers, respec-
tively. To generate the pET28c− SDF1Δ43 construct, the PCR
product derived with the SDF1Δ43-F1 and SDF1Δ43-R1 primers
was first ligated into pGEM-T Easy vector (Promega9). The insert
was subsequently excised with BamHI and SalI and cloned into
the BamHI and SalI linearized pET28a vector. All constructs were
sequenced to confirm the presence of the desired mutations and
lack of any other unwanted alterations. The sequences of primers
used in this study are provided in Table 2.

To generate clones for expressing wild type and mutant versions
of SFD1 in planta, the pET28c− SFD1-WT, pET28c− SFD1–
Ala194, pET28c− SFD1–Ala279, and pET28c− SFD1–Ala332 vec-
tors were used as templates in PCR reactions to amplify the SFD1-
WT, SFD1–Ala194, SFD1–Ala297, and SFD1–Ala332 DNA with
the SFD1-F start and SFD1-R stop primers. To generate a clone
for expressing SFD1Δ43 in planta, the pET28c− SFD1Δ43 plas-
mid was used as a template in PCR with the primers SFD1Δ43-F2
and SFD1Δ43-R2stop. The amplified products were cloned into
pCR®8/GW/TOPO® vector (Invitrogen). The inserts in the resul-
tant plasmids were fully sequenced and used for the LR recombi-
nation reaction with the destination vector pMDC32 (Invitrogen;
Curtis and Grossniklaus, 2003), which contains the Cauliflower
mosaic virus 35S gene promoter. To generate constructs express-
ing SFD1–GFP and SFD1Δ43–GFP in Arabidopsis, the pET28c−

6http://www.merck-chemicals.com
7http://abrc.osu.edu/
8www.neb.com
9www.promega.com
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Table 2 | Primers used in this study.

Primer name Sequence 5′ → 3′

SFD1-a1 CCTTTTATATCTCTTAGCGCGGGTCTGGAGCTTAATACTC

SFD1-a2 GAGTATTAAGCTCCAGACCCGCGCTAAGAGATATAAAAGG

SFD1-b1 GAAATCGCCGGTGCCCTGGCGAATGTTCTAGCAATAG

SFD1-b2 CTATTGCTAGAACATTCGCCAGGGCACCGGCGATTTC

SFD1-c1 GTTTATCAGGAACTGGGGCGATAATGCTTACGTGTTTTG

SFD1-c2 CAAAACACGTAAGCATTATCGCCCCAGTTCCTGATAAAC

SDF1ΔNt43-F1 GGATCCGAATTCATCTCTGGTCCGCCTG

SDF1ΔNt43-R1 AAGCTTGTCGACTCATACTTCTTCAATCTGAGG

SDF1ΔNt43-

F2start

ATCTCTGGTCCGCCTGATATC

SDF1ΔNt43-

R2stop

TCATACTTCTTCAATCTGAGGA

SDF1ΔNt43-

R2Ct

TACTTCTTCAATCTGAGGAAG

SFD1-Fstart ATGGCGGCTTCGGTGCAACCTGC

SFD1-Rstop TCATACTTCTTCAATCTGAGGA

SFD1-RCt TACTTCTTCAATCTGAGGAAG

T7-F TAATACGACTCACTATAGGG

T7-R TAGTTATTGCTCAGCGGTGG

Hyg-F GATGTTGGCGACCTCGTATT

Hyg-R GATGTAGGAGGGCGTGGATA

attR1-F TTGGAGAGGACCTCGACTCT

SFD1-WT and pET28c− SFD1Δ43 plasmids were used as tem-
plates in PCR reactions with the primer pairs SFD1-Fstart plus
SFD1-RCt, and SFD1Δ43-F2 plus SFD1Δ43-R2Ct, respectively.
The amplified products were cloned into the pCR®8/GW/TOPO®

vector. The resultant plasmids were used in the LR recombina-
tion reaction with destination vector pMDC83, such that the
GFP coding sequence in pMDC83 was fused in frame to the C-
terminal amino acid of the SFD1 protein (Curtis and Grossniklaus,
2003). The pMDC32 empty vector and pMDC83 empty vectors
were obtained through LR reaction of pCR®8/GW/TOPO® empty
vector with pMDC32 and pMDC83, respectively.

PLANT TRANSFORMATION
pMDC32 and pMDC83 plasmids containing the desired inserts
were electroporated into the Agrobacterium tumefaciens strain
GV3101. Presence of the corresponding plasmids in the GV3101
transformants was confirmed by PCR. GV3101 transformants
containing pMDC32 or pMDC83 with inserts of interest were
used to transform sfd1-1 mutant plants by the floral dip method
(Clough and Bent, 1998). Hygromycin resistant seeds were selected
on MS agar plates supplemented with hygromycin (20 μg ml−1).
Expression of the transgene was confirmed by RT-PCR analy-
sis. Plants from three independently derived transgenic lines for
each construct were mixed and used for SAR bioassays and lipid
analysis.

RNA EXTRACTION AND RT-PCR ANALYSIS
Leaf tissue was ground in liquid nitrogen and RNA was extracted
using an acid guanidinium thiocyanate/phenol/chloroform mix
(Chomczynski and Sacchi, 1987). The isolated RNA was purified

and used in the RT-PCR. The PCR primers for the ACT8 gene
(At1g49240) were as previously described (Pegadaraju et al., 2005).
To confirm expression of the hygromycin resistance selection
marker (data not shown) and the chimeric SFD1 transgenes, the
RT step was followed by PCR with Hyg-F plus Hyg-R, and the
attR1-F plus a reverse primer (SFD1-RCt) specific for the C-
terminus of SFD1, respectively. Primer sequences can be found
in Table 2. The PCR with the Hyg-F plus Hyg-R primers was per-
formed with the following conditions: 95˚C for 5 min followed by
25 cycles of 95˚C for 30 s, 50˚C for 45 s, 72˚C for 1 min, with final
extension at 72˚C for 10 min. The PCR with the attR1-F plus the
SFD1-RCt primers was performed with the following conditions:
95˚C for 5 min followed by 35 cycles of 95˚C for 30 s, 55˚C for 45 s,
72˚C for 1 min, with final extension at 72˚C for 10 min.

SUBCELLULAR LOCALIZATION OF SFD1–GFP PROTEIN
Leaves were cut from the 4-week-old transgenic plants and used
for enzymatic protoplasts isolation. Protoplasts were prepared by
incubating leaves at room temperature for 2 h in a solution con-
taining 1% cellulase, 0.3% macerozyme, 0.4 M mannitol, 20 mM
KCl, and 20 mM MES (pH 6.0). The protoplasts were washed
with the protoplast storage buffer (0.5 M mannitol, 20 mM KCl,
4 mM MES pH 6.0) before analysis. GFP fluorescence and chloro-
plast autofluorescence were monitored using a Zeiss Axiovert
200 M optical microscope connected with a Hamamatsu camera
and Yokogawa Confocal Scanner Unit CSU10. Excitation wave-
lengths/emission filters were 488 nm/band-pass 505–535 nm for
GFP and 488 nm/band-pass 672–712 nm for chloroplast auto-
fluorescence. The entire system was controlled with Simple PCI
software from Hamamatsu Corporation.

RECOMBINANT PROTEIN PURIFICATION AND ENZYME ASSAYS
A recombinant SFD1-WT,SDF1Δ43,and mis-sense mutant fusion
proteins (SFD1–Ala194, SFD1–Ala297, and SFD1–Ala332) con-
taining a 6× His-tag were expressed from the pET28c vector in
E. coli and then purified under native conditions over an affinity
Ni-NTA column (Qiagen). E. coli strains BL21 containing (WT)
and mutant SFD1 plasmids were cultured in LB medium supple-
mented with 50 μg ml−1 kanamycin at 37˚C. Induction of SFD1
and mutant proteins expression was achieved by adding 1 mM
IPTG. Cells were harvested and broken down through sonica-
tion. Induction of protein and further purification were performed
according to suggested protocols (The QIAexpressionist™, QIA-
GEN). The protein concentration was determined using Bio-Rad
protein assay kit (Bio-Rad), with BSA used as a standard. The
BL21 strain harboring the pET28c empty vector was cultured and
treated in parallel as a control. To determine the pH optimum
for SFD1, recombinant SFD1 protein was incubated at 30˚C in a
reaction mixture containing 0.16 mM NADH, 1 mM DTT, 10 mM
DHAP in 100 mM HEPES buffer of varying pH. The final vol-
ume of the reaction mix was 500 μl. The pH optimum for SFD1’s
DHAP reductase activity was determined to be 7.2. The assay was
based on the DHAP-dependent oxidation of NADH to NAD+ and
consisted of two stages. The background of NADH oxidation was
first determined in reaction mixtures without DHAP, after which
DHAP was added at 5–200 μM and the reductase activity mea-
sured. The activity measured was the rate of decrease in A340 due
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to oxidation of NADH to NAD+. For measuring the kinetic con-
stants the reaction was conducted at pH 7.2. The GraphPad Prism
5 program was used to determine kinetic constants. The WT SFD1
protein retained DHAP reductase activity when kept overnight at
room temperature. The enzyme was unstable if left at 4˚C or lower
temperature. Stability of the SFD1 protein was achieved by stor-
age in 2 M glycerol and addition of 1 mM DTT. To reactivate the
enzyme it was heated to 30˚C for 10 min.

COMPLEMENTATION OF BACTERIAL STRAIN BB20-14
Escherichia coli gpsA mutant strain BB20-14 (Cronan and Bell,
1974) was obtained from the E. coli Genetic Stock Center at Yale
University. BB20-14 was maintained in M9 medium (Sambrook
et al., 1989) supplemented with 0.4% glucose, 1 mM MgSO4,
100 μM CaCl2, and 1% glycerol (v/v). BB20-14 was transformed
with empty pET28c vector and pET28c vectors containing cDNA
of SFD1-WT, SDF1Δ43 and different mis-sense SFD1 versions.
The transformation mix was plated on M9 agar supplemented
with kanamycin (50 μg mL−1), 0.4% glucose, 1 mM MgSO4, 100
μM CaCl2 and 0.1% glycerol (v/v). Kanamycin-resistant colonies
were inoculated into liquid M9 medium containing kanamycin
(50 μg mL−1), 1 mM IPTG, 1 mM MgSO4, 100 μM CaCl2 with
or without 0.1% glycerol. Bacteria were grown at 37˚C for 2 days
and the absorbance at A600 was determined.

LIPID EXTRACTION AND ESI-MS/MS ANALYSIS
Lipids were extracted using the protocol available at the Kansas
Lipidomics Research Center website10 and analyzed by MS as
previously described (Xiao et al., 2010). Unfractionated lipid
extracts were introduced by continuous infusion into the ESI
source on a triple quadrupole MS/MS (API 4000, Applied Biosys-
tems, Foster City, CA, USA) at 30 μl/min. MGDG was detected
as [M + NH4]+ in positive ion mode with Neutral Loss of
179.1. The lipids in each class were quantified in comparison
to 2.01 nmol 16:0–18:0-MGDG and 0.39 nmol di18:0-MGDG
internal standards.
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ERRATUM
On page 7, last paragraph, right column of this article, it was mistakenly stated “However, in concordance with a lack of effect
of the AtGPDHp gene in defense, AtGPDHp is not required for Arabidopsis resistance to C. higginsianum as SFD1 is (Chanda
et al., 2008).” The authors would like to rectify that Chanda et al. (2008) showed that mutation in another GPDH encoding gene,
At2g41540, did not impact resistance against this fungus. They did not report the effect of AtGPDHp encoded by At5g40610 on
Arabidopsis resistance to Colletotrichum higginsianum. In addition, on page 8, the fourth sentence of the first full paragraph, left
column, should read “Similarly, G3P was unable to induce accumulation of azelaic acid (Chanda et al., 2011), a defense priming
metabolite, which can enhance the strength of SAR (Jung et al., 2009).” and not “Rather, G3P-induced accumulation of azelaic acid
(Chanda et al., 2011), a defense priming metabolite, which like G3P can enhance the strength of SAR (Jung et al., 2009)”.
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Fatty acids (FA) and lipids are well known regulators of plant defense. Our previous studies
have shown that components of prokaryotic (plastidal) FA biosynthesis pathway regulate
various aspects of plant defense. Here, we investigated the defense related roles of the
soluble acyl CoA binding proteins (ACBPs), which are thought to facilitate the intracellular
transport of FA/lipids. We show that ACBP3 and 4 are required for maintaining normal lipid
levels and that ACBP3 contributes to the lipid flux between the prokaryotic and eukaryotic
pathways. We also show that loss of ACBP3, 4, or 6 impair normal development of the
cuticle and affect both basal and resistance protein-mediated defense against bacterial and
fungal pathogens. Loss of ACBP3, 4, or 6 also inhibits the induction of systemic acquired
resistance (SAR) due to the plants inability to generate SAR inducing signal(s). Together,
these data show that ACBP3, ACBP4, and ACBP6 are required for cuticle development as
well as defense against microbial pathogens.

Keywords: cuticle, plant defense, acyl CoA binding proteins, systemic acquired resistance, fatty acids

INTRODUCTION
In plants, de novo synthesis of fatty acids (FA) occurs exclu-
sively in the plastids and is initiated by acetyl CoA carboxylase,
which converts acetyl CoA to malonyl-CoA. The malonyl group
is transferred from CoA to acyl carrier protein (ACP) carrying a
phosphopantetheine prosthetic group to which the growing FA
chains are esterified. The malonyl-ACP enters into a series of
reactions that eventually result in the formation of 16 and 18 car-
bon saturated FAs, palmitate (16:0), and stearate (18:0; Ohlrogge
and Browse, 1995; Kachroo and Kachroo, 2009). The 18:0 FA is
desaturated to oleic acid (18:1) by stearoyl-acyl carrier protein-
desaturases (SACPD) and in Arabidopsis the major SACPD iso-
form is encoded by SSI2 (Kachroo et al., 2001, 2003, 2004, 2007,
2008; Venugopal et al., 2009; Xia et al., 2009; Mandal et al., 2012).
The 16:0 and 18:1 FAs either remain inside plastids and enter
the prokaryotic glycerolipid synthesis pathway or are exported as
CoA thioesters to endoplasmic reticulum (ER) where they par-
ticipate in glycerolipid synthesis via the eukaryotic pathway. The
eukaryotic pathway leads to the synthesis of phospholipids such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylinositol (PI). The ER and plastids undergo exten-
sive exchange of lipid precursors, including that of diacylglycerol
(DAG), which is synthesized at both locations and serves as a
precursor for the major plastidal galactolipids, monogalactosyl-
diacylglycerol (MGDG), and digalactosyldiacylglycerol (DGDG).
This exchange and trafficking of lipid precursors requires their
transport across various cellular compartments and is likely to
involve proteins that can transport lipid precursors or promote
physical associations between membranes (Moreau et al., 1998).
Acyl CoA binding proteins (ACBPs) comprise one such family of
proteins that can transport FA/lipid precursors (Kragelund et al.,

1993; Yurchenko et al., 2009; Yurchenko and Weselake, 2011). The
Arabidopsis genome encodes six isoforms of ACBPs, which have
been well characterized for their structure, localization, expres-
sion, and substrate specificities (Chye, 1998; Li and Chye, 2003;
Chen et al., 2008; Xiao and Chye, 2009; reviewed in Yurchenko
and Weselake, 2011). ACBP1 and 2 are ankyrin-repeat containing
membrane proteins that localize to the plasma membrane, ER, and
small intracellular vesicles (Li and Chye, 2003). ACBP3, 4, 5, and
6 are soluble proteins that are present either in the extracellular
space (ACBP3), or the cytosol (Xiao et al., 2008). The extracellular
localization of ACBP correlates with the presence of a cleavable
N-terminal signal sequence. ACBP4 and 5 show ∼81% homology
at the amino acid level and contain kelch motifs, which represent
potential sites for protein–protein interactions. Consistent with
this, ACBP4 interacts with the ethylene-responsive element bind-
ing protein (Li et al., 2008), a transcription factor expressed in
response to biotic and abiotic stresses (Büttner and Singh, 1997;
Li et al., 2008).

Plant response to biotic stress involves the complex inter-
play of pathways induced by various phytohormones. These
pathways interact antagonistically, additively, or synergistically to
orchestrate plant defense (Doares et al., 1995; van Wees et al.,
2000; Kunkel and Brooks, 2002; Glazebrook et al., 2003; Robert-
Seilaniantz et al., 2011). Several of these phytohormones, includ-
ing salicylic acid (SA) play important roles in non-host (species
level), race-specific (also termed effector triggered immunity,
ETI), and basal [also termed pathogen associated molecular pat-
terns (PAMP) triggered immunity, PTI] resistance (Kachroo and
Kachroo, 2007). SA is also important for the induction of sys-
temic acquired resistance (SAR), one of the well studied induced
defense responses, which primes for resistance against secondary
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pathogens (Dong, 2001). SAR is accompanied by a local and
systemic increase in endogenous SA and the concomitant upregu-
lation of a large set of defense genes, including those which encode
pathogenesis related (PR) proteins (Boller et al., 1983; Carr et al.,
1987; Loon et al., 1987; Ward et al., 1991; Gaffney et al., 1993;
Uknes et al., 1993). SAR involves the generation of a mobile sig-
nal in the primary infected leaves, which upon translocation to
the distal tissues, activates defense responses resulting in broad-
spectrum resistance. In cucumber, the production of the mobile
signal takes places within 3–6 h of inoculation with avirulent bac-
terial pathogen in the primary leaves (Smith-Becker et al., 1998).
Studies in cucumber and Arabidopsis have shown that the primary
infected leaf must remain attached for at least 4 h post infection
for immunity to be induced in the distal tissues (Rasmussen et al.,
1991; Chanda et al., 2011). The proper induction of SAR is depen-
dent on several factors, including SA (MeSA; Park et al., 2007), the
diterpenoid, dehydroabietylamine (DA, Chaturvedi et al., 2012),
the nine carbon (C9) dicarboxylic acid, azelaic acid (AA, Jung
et al., 2009), auxin (Truman et al., 2010), and the phosphorylated
sugar, glycerol-3-phosphate (G3P, Chanda et al., 2011; Mandal
et al., 2011). JA has been suggested to participate in SAR (Truman
et al., 2007) as well, although its precise role remains debatable
(Chaturvedi et al., 2008; Attaran et al., 2009; Xia et al., 2010).

The successful induction of SAR also requires an intact cuti-
cle, a hydrophobic layer that covers the aerial surfaces of the plant
(Xia et al., 2009, 2010). The cuticle layer in Arabidopsis leaves is
composed of cuticular waxes and cutin monomers and fatty acid
(FA) flux plays an important role in their formation. The plastidal
C16 and C18 FAs are exported outside plastids and extended to
very long chain FAs (VCLF) in the ER compartment. The VLCFAs
are converted into cuticular waxes either by deactivation of acyl-
CoA thioesters to release FAs, by conversion of aliphatic esters via
the condensation of an acyl moiety with a primary alcohol, or via
reductive pathways that convert acyl-CoAs to primary alcohols or
aldehydes (see review by Kachroo and Kachroo, 2009). Alkanes,
which are the major components of cuticular wax, are gener-
ated from aldehydes and are subsequently converted to secondary
alcohols and ketones. Cutin component of cuticle is formed by
the polymerization of hydroxy group of C16 and C18 ω-hydroxy
FAs with the carbonyl group of another monomer (Molina et al.,
2006; Pollard et al., 2008). Cutin biosynthesis is also dependent
on FA oxidases, acyl-activating enzymes, and acyltransferases.
Detailed characterization of two cuticle defective mutants, acp 4
and glabrous (gl) 1 has shown that the cuticle defect impairs the
plant’s ability to respond to the mobile SAR signal but does not
affect its ability to generate it (Xia et al., 2009, 2010). Consistent
with this result, mechanical abrasion of cuticle of distal leaves com-
promised SAR in wild-type (wt) plants (Xia et al., 2009). The SAR
defect in acp4 plants is likely not associated with their reduced FA
pool. This is because mutations in different membrane-localized
FA desaturases (introduce double bonds in specific FAs of mem-
brane lipids; e.g., FAD2, FAD3, FAD7, FAD8) reduce the levels of
corresponding FAs but do not inhibit the induction of SAR (Xia
et al., 2010). The precise contribution of cuticle in SAR mobile
signal perception remains unknown.

The fact that plant cuticle comprises a complex mixture of
VLCFA derivatives formed upon elongation of plastidal C16 and

C18 FAs suggests that lipid/FA trafficking might play an impor-
tant role in cuticle development. Based on this assumption, we
evaluated the roles of ACBP3, ACBP4, and ACBP6 in cuticle devel-
opment and thereby plant defense. We show that mutations in
ACBP3, ACBP4, or ACBP6 impair normal development of the
cuticle to varying levels and affect both basal and race-specific
defense against microbial pathogens. These acbp mutants are also
defective in SAR. However, unlike acp4 and gl1 plants, the acbp
mutants were competent in the perception of SAR signal but com-
promised in its generation. Our data suggest that ACBP3, ACBP4,
and ACBP6 may be involved in the transport of FAs and/or lipid
species required for the proper development of the plant cuticle as
well as the generation of the mobile SAR signal.

RESULTS
THE acbp3 AND acbp4 PLANTS ARE AFFECTED IN LIPID METABOLISM
We hypothesized that ACBP3, ACBP4, ACBP5, ACBP6, which
encode soluble proteins, were likely to play a role in FA/lipid flux.
The encoded proteins are predicted to localize to the cytoplasm
(ACBP4, 5, and 6) or the extracellular space (ACBP3; Xiao and
Chye, 2009). We attempted to isolate knock-out (KO) lines in
each of these genes but were only able to isolate homozygous
T-DNA insertions in ACBP3 (At4g24230), ACBP4 (At3g05420),
and ACBP6 (At1g31812) genes. Similar lines were used in previ-
ous studies where the KO mutations were confirmed by functional
complementation with the respective wt gene (Chen et al., 2008;
Xiao et al., 2008, 2010). The KO mutations were verified by RT-
PCR, which confirmed the absence of detectable transcripts in the
respective lines (Figure A1 in Appendix). All acbp mutant plants
showed wt-like morphology (data not shown) and wt-like FA pro-
files (Figure 1A). The ACBP KO plants also showed wt-like levels
of long chain FAs (data not shown). Interestingly, in contrast to
their FA profiles, the acbp3 and acbp4 mutant plants showed sig-
nificant reduction in their total lipid levels, whereas acbp6 plants
accumulated wt-like levels of total lipids (Figure 1B). Analysis of
individual lipid levels showed reduced levels of MGDG, DGDG,
PG, PC, PE, and PI in acbp3 and reduced levels of MGDG, DGDG,
PG, and PI in acbp4 plants (Figure 1C). Analysis of FA species
present on the plastidal lipids MGDG or DGDG lipids showed
that acbp3 and acbp4 plants were reduced in lipid subspecies
that were either made in plastids (contain 16:3 and 18:3 FAs) or
imported from outside (both FA species are C18; Figure A2 in
Appendix). Together, these results indicate that ACBP3 and 4 con-
tribute to membrane lipid synthesis and the lipid flux between the
prokaryotic and eukaryotic pathways.

THE acbp PLANTS ARE DEFECTIVE IN THEIR CUTICLE
To test if the altered lipid levels in acbp3 and acbp4 plants impaired
cuticle formation, we analyzed the cuticular phenotypes of these
plants. We first stained wt and acbp leaves with toluidine blue, a
hydrophilic dye that only penetrates leaves with permeable cuti-
cles (Tanaka et al., 2004). Toluidine blue penetrated acbp3 and
acbp4 leaves, staining these blue, suggesting cuticular permeability
(Figure 2A; Figure A3A in Appendix). Interestingly, toluidine blue
also stained acbp6 leaves, although the staining was less intense.
The adaxial surface of all acbp mutant plants stained more com-
pared to the abaxial surfaces (Figure 2A; Figure A3A in Appendix).
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FIGURE 1 | FA and lipid levels in ACBP KO plants. (A) Levels of total FAs in
4-week-old Col-0 and acbp mutant plants. The values are presented as mean
of six to eight replicates. FW indicates fresh weight. The error bars represent
SD. The experiment was repeated five times with similar results. (B) Total lipid
levels in Col-0 and acbp mutant plants. The values are presented as a mean of
five replicates. The error bars represent SD. Asterisks denote a significant
difference with Col-0 (t -test, P < 0.05). DW indicates dry weight. (C) Profile of

total lipids extracted from Col-0 and acbp mutant plants. The values are
presented as a mean of five replicates. The error bars represent SD. Asterisks
denote a significant difference with Col-0 (t-test, P < 0.05). Symbols for
various components are: DGD, digalactosyldiacylglycerol; MGD,
monogalactosyldiacylglycerol; PG, phosphatidylglycerol; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol;
PS, phosphatidylserine; PA, phosphatidic acid.

Moreover, acbp mutants showed considerably less staining com-
pared to fad7-1 gl1 leaves (Figure A3A in Appendix), suggesting
that the cuticular defects of acbp mutants were likely less pro-
nounced than that of the fad7-1 gl1 plants. Increased permeability

to toluidine blue correlated with water lost from the leaves when
subjected to drought stress (Figure 2B); consistent with increased
toluidine blue staining, the acbp3 plants lost more water followed
by acbp4 and acbp6 plants. Similarly, acbp3 plant showed highest
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leaching of chlorophyll followed by acbp4 and acbp6 (Figure A3B
in Appendix).

To confirm that the cuticle is indeed defective in acbp leaves,
we analyzed the outermost cell wall of the epidermis by trans-
mission electron microscopy (TEM). As expected, the cuticle of
wt leaves appeared as a continuous and regular electron-dense
osmophilic layer outside the cell wall (Figure 2C, marked by an
arrow). In comparison, the cuticle of acbp4 and acbp6 mutants
showed both electron-dense and -opaque regions. Strikingly, the

cuticle of acbp3 plants was thin, highly irregular, and electron-
opaque. Scanning electron micrograph (SEM) analysis of wt and
acbp leaf surfaces showed increased folding on the adaxial surface
(Figure 2D, left panels). In comparison, their abaxial surfaces did
not exhibit obvious alterations (Figure 2D, right panels).

To determine if this defect in cuticle structure was associated
with alterations in the content and/or composition of cuticu-
lar waxes or cutin polyester monomers, we compared levels of
waxes and cutin monomers of wt and acbp leaves. Notably, all

FIGURE 2 | Continued
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FIGURE 2 | Evaluation of cuticle associated phenotypes in acbp
mutant plants. (A) Toluidine blue stained leaves from 4-week-old plants.
The stain was spotted on the adaxial or abaxial surface of the leaves and
the leaves were washed with water after 20 (left) or 40 min (right)
incubations. The experiment was repeated three times with similar
results. (B) Measurement of water lost from the leaves subjected to
drought conditions for 4 days. The error bars represent SD (n=25).
Asterisks denote a significant difference with Col-0 (t-test, P < 0.05). The

experiment was repeated three times with similar results. (C)
Transmission electron micrographs showing cuticle layer on adaxial
surface of leaves from indicated genotypes. At least two independent
leaves were sectioned and analyzed. Arrows indicate cuticle. CW
indicated cell wall (scale bars, 50 nm). (D) Scanning electron micrographs
showing adaxial (left panel) and abaxial (right panel) surface of leaves
from indicated genotypes (scale bars, 200 µM). Two-three independent
leaves were analyzed per genotype.

acbp mutants showed significant increases in FA (16:0, 18:0),
alkanes (C29, C31, and C33), and primary alcohols (C28-OH,
C32-OH) compared to wt plants (Figure 3A). In contrast to cutic-
ular wax, acbp3 and 4 plants showed greatly reduced levels of cutin

monomers (Figure 3B). The decrease was more pronounced in
three major monomers, 16:0-, 18:1-, and 18:2-dicarboxylic acids
(DCA). Although, the acbp6 plants showed nominal increase in
18:1-DCA, the levels of most other cutin monomers were similar to
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FIGURE 3 | Biochemical profiles of cuticular wax and cutin monomers
in acbp mutant plants. (A) Analysis of wax components from leaves of
4-week-old Col-0 and acbp plants. C16:0-C30:0 are FAs, C25-C33 are
alkanes, C26-OH-C32-OH are primary alcohols. The values are presented
as a mean of five replicates. The error bars represent SD. Asterisks denote
a significant difference with Col-0 (t-test, P < 0.05). DW indicates dry
weight. (B) Analysis of lipid polyester monomer content of 4-week-old
Col-0 and acbp plants. Error bars in (A,B) represent SD. Statistical

significance was calculated using Student’s t -test (t-test, P < 0.05).
Symbols for various components are: 16:0-DCA, 1,16-hexadecane dioic
acid; 16-OH-16:0, 16-hydroxyhexadecanoic acid; 10,16-OH-16:0,
10,16-dihydroxyhexadecanoic acid; 18:0-DCA, 1,18-octadecane dioic acid;
18:1-DCA, 1,18-octadecene dioic acid; 18-OH-18:1,
18-hydroxyoctadecenoic acid, 18:2-DCA, 1,18-octadecadiene dioic acid;
18-OH-18:2, 18-hydroxyoctadecadienoic acid; 18-OH-18:3,
18-hydroxyoctadecadienoic acid.

that of wt plants. Increased biosynthesis of cuticular components
has also been observed in several Arabidopsis mutants that show
abnormal cuticle (Schnurr et al., 2004; Kurdyukov et al., 2006;
Bessire et al., 2007; Voisin et al., 2009). Together, these data suggest
that loss of ACBP3, 4, and 6 leads to varying levels of cuticular
defects.

THE acbp PLANTS SHOW COMPROMISED SAR AND RESISTANCE TO
FUNGAL AND BACTERIAL PATHOGENS
Since cuticle plays an important role in defense against fun-
gal pathogens, we next evaluated the response of acbp3, acbp4,
acbp6 mutants to the necrotrophic pathogen Botrytis cinerea and
a hemibiotrophic fungal pathogen Colletotrichum higginsianum.
Interestingly, in the majority of experiments, acbp mutants showed
enhanced susceptibility to B. cinerea and C. higginsianum; spray
and spot inoculations showed significantly larger lesions on acbp
leaves (Figures 4A,B; Figure A4 in Appendix). However, in two
of five experiments no noticeable difference in infection symp-
toms was observed between Col-0 and acbp mutants (see Figure

legends for detail). In comparison, all acbp plants consistently
showed enhanced susceptibility to virulent (DC3000) and avir-
ulent (avrRpt2) strain of the bacterial pathogen Pseudomonas
syringae (Figures 4C,D). Together, these data suggested that loss
of ACBP6, ACBP3, and ACBP4 impaired basal and race-specific
defense against fungal and bacterial pathogens.

Previously, we showed that intact cuticle is required for the
normal induction of systemic immunity in plants (Xia et al., 2009,
2010). To determine if the cuticle defect in acbp plants affected sys-
temic immunity, we next tested their abilities to induce SAR. The
plants were first infiltrated with MgCl2 or an avirulent strain of
P. syringae (avrRpt2), 48 h later distal leaves of both sets of plants
were challenged with a virulent strain of P. syringae (DC3000). The
proliferation of virulent bacteria was monitored at 0 and 3 dpi. The
wt plants previously inoculated with avrRpt2 P. syringae, showed
∼10-fold reduced growth (P < 0.0001) of virulent bacteria com-
pared to plants previously infiltrated with MgCl2 (Figure 5A). In
contrast, the acbp plants showed only ∼1- to 1.5-fold reduction
in the growth of virulent bacteria at 3 dpi (these differences were
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FIGURE 4 |The acbp mutant plants show compromised response to
fungal and bacterial pathogens. (A) Disease symptoms on indicated
genotypes spot-inoculated with water or 106 spores/ml of C. higginsianum or
B. cinerea. The experiment was carried out five times and three of these
showed enhanced susceptibility in acbp plants. (B) Lesion size in
spot-inoculated genotypes. The plants were spot-inoculated with
106 spores/ml of C. higginsianum and the lesion size was measured from 20
to 30 independent leaves at 6 dpi. Statistical significance was determined
using Student’s t -test. Asterisks indicate data statistically significant from that

of control (Col-0; P < 0.05). Error bars indicate SD. (C) Growth of virulent P.
syringae on leaves from Col-0 or acbp mutant plants. Error bars indicate SD.
Asterisks indicate data statistically significant from that of control (Col-0;
P < 0.05, n=4). (D) Growth of avirulent (avrRpt2) P. syringae strains on Col-0
or acbp mutant plants. Error bars indicate SD. Asterisks indicate data
statistically significant from that of control (Col-0; P < 0.05, n=4). Bacterial
growth presented as the LOG of colony forming units (CFU) per leaf disk, was
monitored at 0 and 3 dpi. Experiments in (C,D) were repeated six times each
with similar results.

not statistically significant), when pre-exposed to avrRpt2 bacte-
ria. Thus, all acbp mutant plants were defective in their ability to
induce SAR.

The cuticular defect in acp4 plants impairs their ability to per-
ceive the SAR signal but not their ability to generate the mobile
SAR signal. To test if this were also the case with the acbp mutants,

we evaluated the response of wt and acbp plants to petiole exudates
collected from pathogen infected leaves of wt and acbp mutant
plants. The wt or acbp leaves were infiltrated with MgCl2 or avr-
Rpt2 bacteria and petiole exudates collected from these leaves were
injected into the leaves of a fresh set of wt and the corresponding
acbp mutant plants. Distal leaves of the exudate-infiltrated plants
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were then inoculated with virulent bacteria and proliferation of
virulent bacteria monitored at 0 and 3 dpi (Figures 5B–D). As
expected, exudates from avrRpt2-infected wt plants conferred pro-
tection against virulent pathogen in wt plants (P < 0.0001). The
exudates from wt plants also conferred protection against virulent

pathogen in acbp plants (P < 0.0001), suggesting that acbp plants
were able to perceive the SAR signal. In contrast to wt, exudates
from avrRpt2-infected acbp plants were unable to confer SAR in
wt or respective acbp plants, suggesting that acbp plants are defec-
tive in generating the mobile SAR signal. To determine if this was

FIGURE 5 |The acbp mutants show compromised SAR. (A) SAR response
in Col-0 and acbp6 (a6 ), acbp3 (a3), acbp4 (a4), and lacs2 plants. Primary
leaves were inoculated with MgCl2 (gray bars) or P. syringae containing
avrRpt2 (black bars). The distal leaves were inoculated with the virulent P.
syringae and growth of the virulent bacteria was monitored at 3 dpi. The SAR
impaired lacs2 plants were used as a positive control (Xia et al., 2009). This
experiment was repeated six times with similar results. Asterisk denotes
significant difference from plants of the same genotype pre-infiltrated with
MgCl2 (t -test, n= 4, P < 0.0001). (B–D) SAR response in Col-0 and acbp
plants infiltrated with exudates (Ex) collected from wt or acbp plants that

were treated either with MgCl2 (blue and pink bars) or P. syringae expressing
avrRpt2 (red and yellow bars). Error bars indicate SD (n=4). Statistical
significance was calculated using Student’s t -test (P < 0.0001). Experiments
shown in (B–D) were repeated twice with similar results. Bacterial growth
presented as the LOG of colony forming units (CFU) per leaf disk, was
monitored at 0 and 3 dpi. (E) Glucose levels in petiole exudates collected from
indicated genotypes. Error bars indicate SD. The experiment was repeated
twice and the second repeat showed wild-type-like glucose levels in acbp3
plants. Error bars indicate SD (n=3). No statistical significance was observed
in the levels from different genotypes per Student’s t -test.
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due to defective exudation, we monitored glucose levels in peti-
ole exudates collected from wt and acbp plants. Petiole exudates
collected from untreated plants showed wt-like levels of glucose
in acbp plants (Figure 5E), suggesting that acbp plants are not
defective in the exudation process. A higher level of glucose seen
in acbp3 petiole exudates was only seen in one of two experiments,
and was not statistically significant. Together, these results suggest
that acbp plants are defective in the generation of SAR signal but
competent in its perception. Interestingly, this phenotype is just
the reverse of that observed in other cuticle defective acp4 and gl1
plants, which are defective in perception of the SAR signal (Xia
et al., 2009, 2010).

Since SA plays a critical role in basal, R-mediated resistance,
and SAR, we next tested if the acbp mutant plants were com-
petent in pathogen responsive accumulation of SA. SA levels in
wt and acbp plants were determined before and after inoculation
of P. syringae expressing avrRpt2. As expected, wt plants inoc-
ulated with avirulent pathogen showed a significant increase in
both free SA and SA glucoside (SAG) in their primary (inocu-
lated) as well as distal uninoculated tissues. Although the acbp
plants also showed an increase in SA and SAG levels in the pri-
mary tissues, levels of SA/SAG in these were significantly lower
compared to wt plants (Figure 6A). Thus, impaired SAR in acbp
plants correlated with their inability to accumulate SA. The acbp
mutants were responsive to SA or its biologically active analog
BTH [benzo (1,2,3) thiadiazole-7-carbothioic acid] and induced
wt-like expression of the marker gene PR-1 (Figure 6B, data shown
for BTH treatment). This suggested that the acbp mutants were
sensitive to exogenous SA and the compromised local defenses
and SAR in acbp mutants was not related to perception of SA.
We next assayed the effect of exogenously supplied BTH on basal-
and R-mediated resistance and SAR. The wt and acbp plants were
treated with BTH for 48 h prior to mock or pathogen inocula-
tions. Exogenous whole plant BTH application increased local
resistance against both virulent and avirulent pathogens in wt and
acbp mutants (Figure A5 in Appendix, P < 0.001, data not shown
for virulent pathogen). In contrast, and unlike wt plants, BTH
pretreated mock- and avrRpt2 inoculated plants supported simi-
lar growth of virulent bacteria, suggesting that BTH treatment was
unable to confer SAR in acbp plants even though it did improve
resistance compared to water-treated plants (Figure 6C). To test
this further, we collected petiole exudates from wt and acbp leaves
that were infiltrated with MgCl2 (mock) or avrRpt2 bacteria and
mixed these with water, BTH, or SA prior to infiltrating these into
the primary leaves of a fresh set of wt and acbp plants. The dis-
tal leaves of this second set of plants were then inoculated with
virulent bacteria and proliferation of the virulent bacteria mon-
itored at 0 and 3 dpi (Figure 6D–F, see Figure A6 in Appendix
for SA related data). As expected, exudates from avrRpt2-infected
wt plants conferred protection against virulent pathogen in wt
plants (compare pink and blue bars in Ex-Col-0 treatment for each
genotype P < 0.005). Similarly, exudates from avrRpt2-infected
wt plants also conferred protection against virulent pathogen in
acbp3, acbp4, and acbp6 plants, thus confirming their inability to
generate SAR signal (Figures 5B–D, P < 0.0001, compare blue and
red bars for each genotype). In contrast, petiole exudates from
avrRpt2-infected acbp3, acbp4, or acbp6 plants were unable to

confer resistance against virulent pathogen in wt plants or them-
selves (Figures 6D–F, compare pink and blue bars in Ex-a3/a4/a6
treatment for each genotype, also see Figures 5B–D). The BTH
containing exudate from MgCl2-infiltrated wt plants (red bars)
conferred SAR only on wt plants (P < 0.005), whereas BTH con-
taining exudate from avrRpt2-infiltrated wt plants (yellow bars)
conferred SAR on both wt and acbp plants (P < 0.005). Notably,
BTH slightly improved the SAR induced by avrRpt2-infiltrated wt
exudate only on wt plants (P < 0.01, compare pink and yellow
bars for each genotype infiltrated with Ex-Col-0). In comparison,
the BTH containing exudate from MgCl2- or avrRpt2-infiltrated
acbp plants was unable to confer SAR on either Col-0 or acbp
plants. This suggested that the proper induction of SAR required
a factor that was present in pathogen infected Col-0 exudates but
absent in exudates from pathogen infected acbp plants. These data
reconfirm that acbp mutants are defective in the generation of
the mobile signal but not its perception and that SA alone is not
sufficient for the induction of SAR.

Recently, a dicarboxylic acid, azelaic acid (AA) was shown to
confer SAR by priming biosynthesis of SA (Jung et al., 2009). To
test if reduced accumulation of SA in acbp plants was due to com-
promised AA biosynthesis/accumulation, we monitored AA levels
in mock- and pathogen inoculated wt and acbp petiole exudates
(Figure 7A). The wt-like basal and pathogen-induced AA levels
in acbp plants suggest that these are not altered in the biosynthe-
sis and/or accumulation of AA. We next tested if acbp mutants
were capable of converting the biologically inactive MeSA to SA,
since conversion of the methylated ester of SA (MeSA) to SA is
also critical for SAR (Seskar et al., 1998; Park et al., 2007). The wt
and acbp plants were treated with MeSA for 48 h and evaluated
for PR-1 expression and SAR. The acbp mutants induced wt-like
expression of PR-1 in response to exogenous application of MeSA
(Figure 7B), suggesting that these plants are capable of converting
MeSA to SA. This was further supported by the fact that MeSA
treated acbp mutants showed increased resistance against virulent
pathogen (Figure 7C, P < 0.005). Together, these results suggest
that compromised SA levels in pathogen inoculated acbp mutants
were not due to defects in AA metabolism or the release of SA from
the MeSA pool.

DISCUSSION
The Arabidopsis genome encodes six ACBPs, which localize to dif-
ferent cellular compartments. This study evaluated the defense
related roles of ACBP3, ACBP4, and ACBP6 gene products, which
are well known to bind FA-CoA and/or various lipids (Xiao and
Chye, 2009; Xiao et al., 2010), and are likely involved in their trans-
port. We show that ACBP3, ACBP4, and ACBP6 are required for
basal resistance to fungal pathogens and, both basal (PTI) and
R-mediated (ETI) resistance to bacterial pathogens. Notably, the
acbp3, acbp4, and acbp6 mutants are also defective in the induction
of SAR. It is possible that the impaired PTI and/or ETI in these
plants affect their abilities to induce SAR. However, it is also likely
that the impaired SAR is associated with the defective cuticles in
these mutants. This is supported by the fact that defective cuticu-
lar phenotype is associated with compromised SAR and bacterial
resistance, and in some cases increased susceptibility to fungi as
well as. However, unlike other cuticle defective mutants [like acp
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FIGURE 6 |The acbp mutants accumulate reduced levels of SA. (A) SA
and SAG levels in local (inoculated) and distal (uninoculated) leaves of Col-0
and acbp plants inoculated with MgCl2 or P. syringae expressing avrRpt2.
Leaves were harvested at 3 dpi. Error bars indicate SD. Asterisks indicate data
statistically significant from that of control (Col-0; P < 0.05, n=4). The
experiment was repeated twice with similar results. (B) RNA gel blot showing
transcript levels of PR-1 gene in plants treated with water or BTH for 48 h.
Ethidium bromide staining of total RNA was used as the loading control. The

experiment was repeated twice with similar results. (C) SAR response in
Col-0 and acbp plants pretreated with water (purple and pink bars) or the SA
analog BTH (orange and black bars) for 48 h prior to mock (purple and orange
bars) or avr (pink and black bars) inoculation. The error bars represent SD
(n=4). Asterisks denote statistical differences from water and mock treated
plants of corresponding genotype (t -test P < 0.001). Statistical difference
from BTH and mock treated plants is indicated by “a” (P < 0.001). The
experiment was repeated three times with similar results.
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FIGURE 6 | Continued
(D–F) SAR response in Col-0 and acbp plants infiltrated with exudates (Ex)
collected from wt or acbp plants that were treated either with MgCl2 (mock,
blue, and red bars) or P. syringae expressing avrRpt2 (pink and yellow bars).
Exudates were mixed with water (blue and pink bars) or 100 µM BTH (red
and yellow bars) prior to infiltration into a fresh set of plants. Error bars
indicate SD (n=4). Statistical significance was calculated using Student’s

t -test. Asterisks denote statistical differences from mock+water-treated
plants (blue bars) of corresponding genotype (t -test P < 0.005). Statistical
difference from avrRpt2+water-treated plants (pink bars) is indicated by “a”
(P < 0.01). Bacterial growth presented as the LOG of colony forming units
(CFU) per leaf disk, was monitored at 0 and 3 dpi. Experiments in (B–D)
were repeated twice with similar results. a3, a4, a6 indicate acbp3, acbp4,
and acbp6, respectively.

4; and glabara (gl) 1; Xia et al., 2009, 2010], acbp plants are able to
perceive the SAR mobile signal from wt plants, but cannot gener-
ate it themselves. It is possible that the extent of cuticular damage
influences the plant’s ability to perceive the SAR signal(s) in the
distal tissue since the cuticular defects of acp4 and gl1 plants are far
more severe than those of the acbp mutants. Additionally, some
of the specific signal(s) required for generation and/or percep-
tion of SAR may also contribute to cuticle development, therefore
even though the acp4 and acbp mutants are defective in differ-
ent aspects of SAR they each have defective cuticles. The fact that
cuticle contains glycerol (Molina et al., 2006; Pollard et al., 2008),
which serves as a precursor for the SAR inducer G3P (Chanda et al.,
2011), supports such a notion. Another possibility is that gener-
ation of the SAR signal(s) requires ACBP-mediated FA/lipid flux.
Although this scenario does not explain the SAR defect in acbp6
plants, which showed normal FA/lipid profile, we cannot discount
the possibility that changes in the flux of some metabolite(s) were
undetectable in our FA/lipid profiling procedures.

Interestingly, similar to acbp mutants, the cuticle defective fad7
gl1 (but not acp4) mutant is also compromised in pathogen-
induced SA levels, even though fad7 gl1 is competent in SAR
signal generation. It is possible that the defect in SA biosynthesis
contributes to the enhanced susceptibility of the acbp mutants to
virulent bacteria and fungal pathogens. However, exogenous appli-
cation of the SA analog, BTH, together with avirulent pathogen
was unable to restore SAR in acbp plants. This is not due to defects
in AA biosynthesis or inability to convert MeSA to SA, because
the acbp mutant plants show wt-like responsiveness to MeSA and
contain wt-like AA levels. However, the whole plant-treatment
experiments done here cannot discount the possibility that acbp
mutants might be defective in MeSA generation in the primary
infected leaves. Besides AA and MeSA, G3P, DA, and an amino
acid derivative pipecolic acid (Pip), also regulate SAR, where DA
and Pip trigger the accumulation of SA (Chaturvedi et al., 2012;
Dempsey and Klessig, 2012; Zeier, J., personal communications).
The interrelationships between these various SAR signals and their
relationship to SA remain unclear. It will be useful to determine
the levels of various SAR inducers and test their SAR inducing
capabilities in cuticle defective plants.

Interestingly, in contrast to acbp, and gl1 mutants, the damaged
cuticle in lacs2, lcr, or fungal cutinase-overexpressing transgenic
plants confers increased resistance to the necrotrophic pathogen
B. cinerea and Sclerotinia (Bessire et al., 2007; Tang et al., 2007).
Likewise, reduced surface hydrophobicity of mutants defective in
abaxial epicuticular wax biosynthesis confers increased resistance
to rust and anthracnose pathogens because the spores of these
pathogens are unable to differentiate on these mutants (Uppala-
pati et al., 2012). On the other hand, loss of cuticle in the gpat4

gpat8 double mutant is associated with enhanced susceptibility
to Alternaria brassicicola (Li et al., 2007). These results suggest
that cuticle permeability is not always associated with increased
resistance (Voisin et al., 2009), and structural and/or physiolog-
ical properties of cuticle might play diverse role(s) in different
host-pathogen interactions.

Impaired lipid levels in acbp3 and acbp4 plants suggest that
these ACBPs are required for maintaining normal lipid levels.
Mutations in both ACBP3 and ACBP4 result in reduced MGDG,
PG, and PC levels. In addition, acbp3 plants are significantly
reduced in MGDG and DGDG derived from the eukaryotic path-
way (containing 18:3 species). This suggests that ACBP3 may be
involved in the transport of DAG, the precursor of DGDG synthe-
sis, from the ER (site of lipid biosynthesis via eukaryotic pathway)
to the plastids (site of lipid biosynthesis via prokaryotic path-
way). Both acbp3 and acbp4 plants are also affected in 16:3 FA
containing MGDG and DGDG lipids, suggesting that these muta-
tions also affect the prokaryotic pathway. Notably, the lipid profile
and/or total lipid levels did not correlate with cuticular defects,
since the cuticle defective acbp6 plants show wt-like lipid pro-
files. The fact that mutations reducing total and plastidal lipids
MGDG and DGDG do not always affect cuticle formation (Xia
et al., 2010; Chanda et al., 2011), suggests that the flux of lipids
or lipid precursors, rather than their levels, might be important
for cuticle development. This is also consistent with the fact that
the defect in cuticle development is more severe in acbp3 mutant
plants, which shows highest reduction in plastidal lipids species
derived from the eukaryotic pathway. Notably, reduced lipid levels
in acbp3 and acbp4 mutants are not associated with reduced FA
pools. A likely explanation is that acbp mutants hyper-produce FA
species to compensate for their deficiencies. This assumption is
supported by the fact that several other cuticle defective mutants
(Kurdyukov et al., 2006; Voisin et al., 2009) are hyperactive in the
synthesis of cuticle components.

The compromised basal resistance to bacterial pathogen in
acbp3 mutant plants is consistent with a recent report showing
increased resistance to virulent P. syringae in plants overexpress-
ing ACBP3 (Xiao and Chye, 2011). The ACBP3 overexpressing
plants accumulated higher basal levels of SA and showed consti-
tutive cell death and PR expression. Consistent with these results,
acbp3 mutant plants are unable to accumulate wt-like levels of
SA in response to pathogen infection. This in turn is consistent
with the reduced expression of pathogen-responsive PR-1 in these
plants (data not shown). The impaired cuticle of acbp3 mutants
is unlikely to be associated with their reduced SA accumulation
because, the acp4 mutant, which also contains defective cuticle, is
able to accumulate wt-like levels of SA in response to pathogen
infection (Xia et al., 2009). Inoculation with virulent pathogen
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FIGURE 7 |The acbp mutants are responsive to MeSA and
accumulate normal levels of AA. (A) AA levels in mock (MgCl2, gray
bars) and avrRpt2 (black bars) inoculated wild-type (Col-0) and acbp
mutants. Error bars indicate SD (n=3). Statistical significance was
calculated using Student’s t -test. Asterisks denote significant
differences from mock-inoculated plants of corresponding genotype.
Numbers above black bars indicate P values. The experiment was
repeated twice with similar results. (B) RNA gel blot showing transcript
levels of PR-1 gene in plants treated with water or MeSA for 48 h.

Ethidium bromide staining of total RNA was used as the loading
control. The experiment was repeated twice with similar results. (C)
SAR response in Col-0 and acbp6 (a6 ), acbp3 (a3), acbp4 (a4) plants,
pretreated with water (blue and pink bars) or 100 µM MeSA (orange and
black bars) prior to infiltration with MgCl2 (mock, blue, and orange bars)
or P. syringae expressing avrRpt2 (pink and black bars). Bacterial growth
presented as the LOG of colony forming units (CFU) per leaf disk, was
monitored at 0 and 3 dpi. Error bars indicate SD (n=4). Statistical
significance was calculated using Student’s t -test (P < 0.005).
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has been suggested to induce degradation and/or relocalization of
ACBP3-GFP (Xiao and Chye, 2011), suggesting that ACBP3 might
serve as one of the potential pathogen targets, which upon degra-
dation leads to enhanced pathogen growth. Interestingly, ACBP
has also been show to participate in senescence; the acbp3 mutant
shows delayed senescence and ACBP3 overexpression accelerated
starvation-induced leaf senescence (Xiao et al., 2010). Notably,
the accelerated senescence in ACBP3 overexpressing plants was
dependent on the SA pathway, which is known to contribute to
senescence (reviewed in Vincente and Plasencia, 2011). In this
regard, it is interesting to note that delayed senescence is asso-
ciated with the cuticular defect in the lacerata mutant (Wellesen
et al., 2001). Clearly, more work is required to clarify the relation-
ship between the phenotypes related to cuticle, senescence, and
transport of FA/lipids in the acbp mutants, and the precise roles
of ACBPs in these physiological processes.

MATERIALS AND METHODS
PLANT GROWTH CONDITIONS
Plants were grown in MTPS 144 Conviron (Winnipeg, MB,
Canada) walk-in chambers at 22˚C, 65% relative humidity, and
14 h photoperiod. These chambers were equipped with cool white
fluorescent bulbs (Sylvania, FO96/841/XP/ECO). The photon flux
density (PFD) of the day period was 106.9 µmol m−2 s−1 (mea-
sured using a digital light meter, Phytotronic, Inc, MO, USA).
Plants were grown on autoclaved Pro-Mix soil (Premier Horticul-
ture, Inc., PA, USA). Soil was fertilized once using Scotts Peter’s
20:10:20 peat lite special general fertilizer that contained 8.1%
ammoniacal nitrogen and 11.9% nitrate nitrogen (Scottspro.com).
Plants were irrigated using deionized or tap water. The acbp3,
acbp4, and acbp6 T-DNA mutants were identified from the SALK-
012290, SALK-040164, and SALK-104339 lines, respectively. The
genotypes were determined by PCR. The SALK lines used here
have been used in several earlier studies (Chen et al., 2008; Xiao
et al., 2008, 2010).

RNA EXTRACTION, NORTHERN, AND PCR ANALYSES
Small-scale extraction of RNA from one or two leaves was per-
formed in the TRIzol reagent (Invitrogen, Gaithersburg, MD,
USA) following the manufacturer’s instructions. RNA gel blot
analysis and synthesis of random primed probes was carried out as
described before (Kachroo et al., 2005). RNA quality and concen-
tration were determined by gel electrophoresis and determination
of A260. Reverse transcription (RT) and first strand cDNA syn-
thesis was carried out using Superscript II (Invitrogen). Two to
three independent RNA preparations were used for RT-PCR and
each of these were analyzed at least twice by RT-PCR. The RT-PCR
using gene-specific primers was carried out for 35 cycles in order
to determine absolute levels of transcripts.

SA QUANTIFICATION
SA and SAG were extracted and measured from ∼ 0.3 g of fresh
weight leaf tissue, as described before (Chandra-Shekara et al.,
2006). For SA measurements plants were inoculated with 105/ml
bacteria and samples were harvested 48 h post inoculation. Data
presented are a mean of three biological repeats.

AA, FA, LIPID, AND GLUCOSE ANALYSES
For AA estimations, petiole exudates were extracted using a solu-
tion containing glacial acetic acid, methanol, chloroform, and
potassium chloride (0.9%; 1:4:8:8 V/V) and 17:0 as the internal
standard. The lower phase was dried under compressed nitro-
gen and samples were derivatized with MTBSTFA containing 1%
TBDMCS, suspended in acetonitrile and analyzed by gas chro-
matography (GC) on a Varian FAME 0.25 mm× 50 mm column
equipped with mass spectrometer (MS; Hewlett Packard).

Extraction of total FAs was carried out by placing leaf tissue in
2 ml of 3% H2SO4 in methanol. After 30 min incubation at 80˚C,
1 ml of hexane with 0.001% butylated hydroxytoluene (BHT) was
added. The hexane phase was then transferred to vials for GC
analysis. One-microliter samples were analyzed by GC on a Var-
ian FAME 0.25 mm× 50 mm column and quantified with flame
ionization detection. FAs were identified based on their retention
time relative to known FA standards. For quantification of FAs,
leaves (50 mg) were extracted together with an internal standard
19:0 and the FA levels were calculated based on the detected peak
areas corresponding to the FA retention time relative to the areas
of the internal standard. FA analysis is representative of at least
four independent repeats.

For lipid extraction, six to eight leaves were incubated at 75˚C in
isopropanol containing 0.001% BHT for ∼15 min. To this, 1.5 ml
chloroform and 0.6 ml water was added and the samples were agi-
tated at room temperature for 1 h. The lipids were re-extracted
in chloroform: methanol (2:1) until the leaves were bleached. The
aqueous content was removed by partitioning with 1 M KCl and
water. The lipid extract was dried under a gentle stream of nitro-
gen gas and re-dissolved in 0.5 ml of chloroform. Lipid analysis
and acyl group identification was carried out with five biologi-
cal replicates using the automated electrospray ionization-tandem
mass spectrometry facility at Kansas Lipidomics Research Center
(Welti et al., 2002).

Glucose was quantified as described before (Chanda et al.,
2008).

SA, MESA, AND BTH TREATMENTS
SA and BTH were dissolved in water and the pH of SA solution was
adjusted to 6.5 with KOH. SA and BTH treatments were carried
out by spraying 500 µM, or 100 µM solutions, respectively, until
runoff. MeSA (Sigma-Aldrich, Inc.) was dissolved in 100 µl of
methanol and diluted in water to 100 µM working concentration.

PATHOGEN INFECTIONS
Inoculations with bacterial pathogen P. syringae were conducted
as described before (Kachroo et al., 2005). The bacterial cultures
were grown overnight in King’s B medium (King et al., 1954) con-
taining 50 µg/ml of rifampicin and/or kanamycin. The cells were
washed and suspended in 10 mM MgCl2. The bacterial suspension
was injected into the abaxial surface of the leaf using needle-less
syringe. Three disks from the inoculated leaves were collected
and homogenized in 10 mM MgCl2. The extract was diluted and
appropriate dilutions were plated on King’s B medium. For analy-
sis of SAR, the primary leaves were inoculated with MgCl2 or
the avr bacteria (107 CFU ml−1) and 48 h later the distal leaves
were inoculated with vir bacteria (105 CFU ml−1). Unless noted
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otherwise, samples from the distal leaves were harvested at 3 dpi
and monitored for growth of virulent bacteria.

Colletotrichum higginsianum Sacc. (IMI 349063) and B. cinerea
were maintained on potato dextrose agar (PDA; Difco) and V8
medium (Kent et al., 2008), respectively. Four-week-old Arabidop-
sis plants were used for both spray and spot inoculations. Fungal
spores were harvested by scrapping the surface of cultures main-
tained on PDA or V8 plates, washed three to four times with sterile
water, quantified using a hemocytometer, and suspended at con-
centrations of 104 to 106 spores/ml. For spot inoculations, 10 µl
of spore suspension was used to inoculate Arabidopsis leaves. After
inoculations, the plants were transferred to a PGV36 Conviron
walk-in chamber and covered with a plastic dome to maintain high
humidity. Disease symptoms were scored between 4 and 11 dpi. A
digital Vernier caliper was used to measure lesion size in spot-
inoculated leaves. Each experiment was repeated at least twice and
each included 30–50 individual plants. Statistical significance was
determined using Student’s t -test.

COLLECTION OF PETIOLE EXUDATE
Petiole exudate was collected as described earlier (Maldonado
et al., 2002). In brief, plants were induced for SAR by inocula-
tion with P. syringae containing avrRpt2 (106 CFU ml−1). Twelve
24 h later, petioles were excised, surface sterilized in 50% ethanol,
0.0006% bleach, rinsed in sterile 1 mM EDTA and submerged in
∼1.9 ml of 1 mM EDTA and 100 µg ml−1 ampicillin. Exudates
were collected over 48 h and infiltrated into healthy plants. Infil-
trated leaves were harvested after 2 days for PR-1 gene expression
studies. For SAR studies, vir pathogen was inoculated in the distal
leaves 2 days after infiltration of exudate.

TOLUIDINE BLUE STAINING
Leaf samples were taken from 4-week-old plants grown on soil and
stained with toluidine blue staining was carried out as described
earlier (Tanaka et al., 2004). Each genotype was tested in five to six
independent experiments with a total of 30–50 leaves stained.

MICROSCOPY, CHLOROPHYLL LEACHING, AND WATER LOSS
For SEM analysis both abaxial and adaxial surface of the leaf sam-
ples was mounted on sample holder with 12 mm conductive car-
bon tabs (Ted Pella, Inc.), sputter-coated with gold-palladium and
observed on a Hitachi S-3200 SEM, with and without backscatter
detector at 5 and 20 kV. Two to three leaves were observed per
genotype.

For TEM analysis leaves were fixed in paraformaldehyde and
embedded in epon-araldite. Leaves were sectioned on a Reichert–
Jung Ultracut E microtome with a Diatome diamond knife and
observed under a Philips Tecnai Biotwin 12 TEM. Three to four
sections were analyzed per genotype.

For chlorophyll leaching assays, 100 mg of leaves were weighed
and gently agitated, in dark, at room temperature in tubes

containing 80% ethanol. Absorbance of each sample was measured
at 664 and 647 and micromolar concentration of total chlorophyll
per gram of fresh weight was calculated using the formula: total
micromoles chlorophyll= 7.93 (A664)+ 19.3 (A647).

For water loss in response to drought treatment, 4-week-old
plants were left unwatered until the soil dried completely. The leaf
weight was measured from ∼50 leaves.

ANALYSIS OF WAX AND CUTIN COMPONENTS
For analysis of the wax component, 500 mg of 4-week-old leaves
were immersed in 10 ml of chloroform for 10 s. The leaves were
rinsed once more with 10 ml of chloroform. An internal standard
(100 µg of n-tetracosane) was added and the sample volume was
evaporated under a gentle steam of nitrogen. The samples were
dried under a stream of nitrogen gas and methylated with dia-
zomethane, dried again, and derivatizated with 100 µl of acetic
anhydride in 100 µl of pyridine and the sealed tubes were incu-
bated for 60 min at 60˚C. The samples were again dried under a
stream of nitrogen and dissolved in 1 ml of acetonitrile. Samples
(1 µl) were injected into an HP-5 column (injection temperature
250˚C) of GC equipped with flame ionization detector (tem-
perature 300˚C). The same samples were also run on an HP-5
column (30 mm× 0.32 mm× 0.25 mm film thickness) on a GC
equipped with MS. Various components were identified based on
their retention time as compared to standards and by MS analysis.
Quantification was based on flame ionization detector peak areas
as compared to the peak areas of the internal standard tetracosane
added prior to derivatization.

Cutin monomer composition and content were determined
using sodium methoxide-catalyzed transmethylation method fol-
lowed by acetylation of the hydroxyl groups with acetic anhy-
dride and GC-MS slightly modified from previously described
(Bonaventure et al., 2004; Molina et al., 2006). After methanolysis,
the methylene dichloride extract of cutin monomers were washed
with 0.9% potassium chloride instead of 0.5 M sodium chloride.
For GC-MS analysis, the FAME capillary column used was as
described in wax analysis with helium carrier gas at 1 ml min−1.
The MS was run in scan mode over 35–450 amu (electron impact
ionization).
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APPENDIX

FIGURE A1 | Reverse transcription-PCR analysis showing ACBP
transcript levels in wild-type (Col-0) and acbp3 (A), acbp4 (B), and
acbp6 (C) mutant plants. The level of β-tubulin was used as an internal
control to normalize the amount of cDNA template. The RT-PCR analysis
was repeated with two independent cDNA templates per genotype.

FIGURE A3 | Cuticular phenotypes of acbp plants. (A) Whole leaf
toluidine blue staining. Leaves were incubated in the stain for 10 min and
the experiment was repeated four times with similar results. (B) A
time-course measurement of chlorophyll leaching in various genotypes at
indicated times. The values are presented as a mean of four replicates. The
error bars represent SD (P < 0.05). The experiment was repeated four
times.

FIGURE A2 | Levels of MGDG and DGDG containing 34:6 or 36:6 FAs in
Col-0 and acbp mutant plants. The values are presented as a mean of five
replicates. The error bars represent SD. Asterisks denote significant
differences with Col-0 (t-test, P < 0.05).

FIGURE A4 | Disease symptoms on indicated genotypes
spray-inoculated with 106 spores/ml of C. higginsianum. The
experiment was carried out five times, three of which showed enhanced
susceptibility in acbp plants, while the remaining two showed wild-like
infection phenotypes on acbp plants. The upper and lower panels show two
independent experiments that showed enhanced susceptibility in acbp
plants.
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FIGURE A5 | Pathogen response of Col-0 and acbp plants after
exogenous application of the SA analog BTH. The Col-0 and acbp plants
were pretreated with water (mock, solid bars) or 100 µM BTH (shaded bars)
prior to infiltration with P. syringae expressing avrRpt2. Bacterial growth
presented as the LOG of colony forming units (CFU) per leaf disk, was
monitored at 0 and 3 dpi. Error bars indicate SD (n=4). Statistical
significance was calculated using Student’s t -test (P < 0.001). The
experiment was repeated twice with similar results.

FIGURE A6 | Systemic acquired resistance response in Col-0 and acbp6
(a6 ), acbp3 (a3), acbp4 (a4) plants, pretreated with water (blue and
pink bars) or 50 µM SA (orange and black bars) prior to infiltration
with MgCl2 (mock, blue, and orange bars) or P. syringae expressing
avrRpt2 (pink and black bars). Bacterial growth presented as the LOG of
colony forming units (CFU) per leaf disk, was monitored at 0 and 3 dpi. Error
bars indicate SD (n=4). Asterisks denote statistical differences from
water+mock-inoculated plants (blue bars) of corresponding genotype,
calculated using Student’s t -test (P < 0.001).

Frontiers in Plant Science | Plant Physiology October 2012 | Volume 3 | Article 224 | 192

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


REVIEW ARTICLE
published: 10 April 2012

doi: 10.3389/fpls.2012.00068

Sphingolipids and plant defense/disease: the “death”
connection and beyond
Robert Berkey 1,2, Dipti Bendigeri 1,2 and Shunyuan Xiao1,2*
1 Institute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD, USA
2 Department of Plant Sciences and Landscape Architecture, University of Maryland, College Park, MD, USA

Edited by:
Xuemin Wang, University of
Missouri-St Louis and Donald
Danforth Plant Science Center, USA

Reviewed by:
Kian Hématy, Institut National de la
Recherche Agronomique, France
Beatrice Satiat-Jeunemaitre, Centre
National de la Recherche Scientifique,
France
Carl Ng, University College Dublin,
Ireland
Marina Gavilanes-Ruiz, Universidad
Nacional Autonoma de Mexico,
Mexico
Dominique Roby, Centre National de
la Recherche Scientifique, France

*Correspondence:
Shunyuan Xiao, Institute for
Bioscience and Biotechnology
Research, University of Maryland,
Rockville, MD 20850, USA.
e-mail: xiao@umd.edu

Sphingolipids comprise a major class of structural materials and lipid signaling molecules
in all eukaryotic cells. Over the past two decades, there has been a phenomenal growth
in the study of sphingolipids (i.e., sphingobiology) at an average rate of ∼1000 research
articles per year. Sphingolipid studies in plants, though accounting for only a small fraction
(∼6%) of the total number of publications, have also enjoyed proportionally rapid growth
in the past decade. Concomitant with the growth of sphingobiology, there has also been
tremendous progress in our understanding of the molecular mechanisms of plant innate
immunity. In this review, we (i) cross examine and analyze the major findings that estab-
lish and strengthen the intimate connections between sphingolipid metabolism and plant
programmed cell death (PCD) associated with plant defense or disease; (ii) highlight and
compare key bioactive sphingolipids involved in the regulation of plant PCD and possibly
defense; (iii) discuss the potential role of sphingolipids in polarized membrane/protein traf-
ficking and formation of lipid rafts as subdomains of cell membranes in relation to plant
defense; and (iv) where possible, attempt to identify potential parallels for immunity-related
mechanisms involving sphingolipids across kingdoms.

Keywords: sphingolipid, programmed cell death, hypersensitive response, defense, polarized trafficking, lipid raft,

pathogen, Arabidopsis

INTRODUCTION
Plants are sessile and lack a somatically adaptive immune sys-
tem. Yet, plants have evolved a complex innate immune system
that can effectively protect plants against various pathogens. It is
believed that individual plant cells have the capacity for pathogen
detection and onsite defense activation. Conceivably, these com-
plex (sub)cellular processes must rely on an elaborate membrane
system. Indeed, sphingolipids as bioactive molecules have been
extensively involved in plant programmed cell death (PCD) associ-
ated with defense, and more recently as signaling and/or structural
materials implicated in regulation of membrane trafficking and/or
formation of membrane subdomains during defense response.
Here we provide a focused review on this process. In order for
readers to better understand the potential mechanistic connec-
tions between plant defense/disease and sphingolipid metabolism,
we start off with a brief introduction on plant innate immunity
and its connection to plant PCD. Also, for the convenience of read-
ers, we list the most relevant abbreviations used in this review in
Table 1.

It is known that plants have evolved two major evolutionarily
interconnected branches of induced immunity (Chisholm et al.,
2006; Thomma et al., 2011). The first is activated upon recognition
of non-self molecules conserved in pathogens called pathogen-
associated molecular patterns (PAMPs) by plasma membrane-
localized transmembrane immune receptors (Chisholm et al.,
2006). PAMP-triggered immunity (PTI) contributes to general

resistance of plants to all potential pathogens. Adapted pathogens
secrete effector proteins into host cells to interfere with PTI
(Chisholm et al., 2006). Plants have thus evolved the second
branch of immune response that is activated upon recognition
of specific pathogen effectors mostly by intracellular immune
receptors [which are historically referred to as resistance (R)
proteins] belonging to the conserved nucleotide-site binding
and leucine-rich repeat (NB-LRR) family (Jones and Dangl,
2006).

Effector-triggered immunity (ETI) protects plants from host-
adapted biotrophic and hemi-biotrophic pathogens whose colo-
nization on plants requires living host cells (Glazebrook, 2005;
Jones and Dangl, 2006). ETI is often although not always asso-
ciated with hypersensitive response (HR), which is rapid PCD at
the site of infection (Heath, 2000). There are different forms of
plant PCD and their definitions are still in debate (Reape et al.,
2008; van Doorn et al., 2011). According to a most recent view
by van Doorn (2011), plant PCD can be divided into two major
classes: (i) autolytic PCD and (ii) non-autolytic PCD. Autolytic
PCD occurs mostly during normal plant development and fea-
tures the formation of large lytic vacuoles, activation of vacuolar
processing enzymes (VPEs), and rapid clearance of the cytoplasm,
whereas non-autolytic PCD occurs mainly during pathogen attack
and lacks rapid cytoplasm clearance. According to this classifica-
tion, HR cell death belongs to non-autolytic PCD, even though it
may exhibit disruption of the tonoplast and activation of VPEs as
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Table 1 | A list of abbreviations used in this review.

Abbreviation Full name (explanation)

AAL Alternaria alternata f. sp. lycopersici toxin

ACD5 Accelerated cell death 5

ACD11 Accelerated cell death 11

Cer-1-P Ceramide-1-phosphate

CerS Ceramide synthase

d18:0 Dihydrosphingosine/sphinganine

DRM Detergent-resistant membrane

EDS1 Enhanced disease susceptibility 1

ERH1 Enhancing RPW8 HR-like cell death 1

ETI Effector-triggered immunity

FAH1/2 Fatty acid 2-hydroxylase 1/2

FB1 Fumonisin B1 toxin

GlcCer Glucosylceramide

GIPC Glycosyl inositol-phosphorylceramide

IPC Inositol-phosphorylceramide

IPCS Inositol-phosphorylceramide synthase

LCB1 Gene encoding subunit 1 of SPT

LCB2 Gene encoding subunit 2 of SPT

LCB Long-chain base

LCB-P Long-chain base phosphate

LOH1/2/3 LAG One Homolog 1/2/3

PAD4 Phytoalexin-Deficient 4

PAMP Pathogen-associated molecular pattern

Phyto-S1P Phytosphingosine-1-phosphate

PTI PAMP-triggered immunity

SBH1/2 Sphingoid base hydroxylase 1/2

ShpK Sphingosine kinase

S1P Sphingosine-1-phosphate

SPI-PCD Sphingolipid-perturbation induced PCD

SPT Serine palmitoyltransferase

t18:0 Phytosphingosine/4-hydroxysphinganine

VLCFA Very long-chain fatty acid

VPE Vacuolar processing enzyme

seen in autolytic cell death (van Doorn, 2011). The salicylic acid
(SA)-signaling pathway is required for HR development, because
depletion of SA or impairing SA-signaling by mutations in immu-
nity proteins like EDS1 and PAD4 often abolish resistance as well as
HR (Wiermer et al., 2005). The precise role of HR in ETI remains
unclear; at least the quick suicide of infected cells may physically
constrain invading biotrophic pathogens including viruses, fungi,
and oomycetes (Heath, 2000; Mur et al., 2008; Coll et al., 2011).
However, for necrotrophic fungal pathogens that do not require
living plant cells to establish parasitism, plant cell death including
HR cannot stop their infection; rather, HR could facilitate infec-
tion and spread of disease (Govrin and Levine, 2000; Mayer et al.,
2001; Glazebrook, 2005). Furthermore, one common virulence
mechanism for necrotrophic pathogens is to secrete toxins into
the host and induce host cell death (Friesen et al., 2008; Lawrence
et al., 2008; Sweat et al., 2008; Lorang et al., 2010; Oliver and
Solomon, 2010) and plants that are less potent in activation of HR
show enhanced tolerance to necrotrophic pathogens (El Oirdi and
Bouarab, 2007).

In the past two decades, while significant progress has been
made toward our understanding of the molecular mechanisms
concerning PTI and ETI, little is known regarding plant resistance
to necrotrophic pathogens (Oliver and Solomon, 2010). How-
ever, extensive studies have been conducted on how mycotoxins
produced by necrotrophic fungal pathogens induce plant (and ani-
mal) PCD and disease. The use of such PCD-inducing mycotoxins
as tools to study the cellular functions of sphingolipids has signif-
icantly contributed to the rapid growth of sphingobiology across
kingdoms. To date, although studies crosslinking sphingolipids
and plant immunity are still sporadic, there is increasing evi-
dence to suggest important roles for sphingolipids in modulation
of plant PCD (non-autolytic cell death) associated with defense
and disease. This review will examine how sphingolipids may be
mechanistically connected to the plant defense from the follow-
ing aspects: (i) implications of sphingolipid-perturbation-induced
PCD (SPI-PCD) in plant disease and defense, (ii) potential bioac-
tive sphingolipids as signaling molecules in plant PCD and defense,
and (iii) sphingolipids in lipid raft formation and polarized
membrane/protein trafficking associated with plant defense.

SPHINGOLIPID METABOLISM IN PLANTS
In order to examine and understand the complex plausible con-
nections between sphingolipid metabolism and plant disease or
defense, it is necessary to give a brief introduction to sphingolipids
and their metabolism in plants. For a thorough understanding of
sphingolipid metabolism, the reader is referred to many excel-
lent recent reviews on this subject (Dunn et al., 2004; Breslow
and Weissman, 2010; Pata et al., 2010; Hannun and Obeid, 2011;
Merrill, 2011).

All complex sphingolipids are composed of a sphingoid long-
chain base (LCB) linked via the amide bond to an N -acylated fatty
acid (FA) to yield ceramide (the basic unit of all sphingolipids) and
a polar head group (Figure 1; Gault et al., 2010; Pata et al., 2010;
Merrill, 2011). In some literature, the term “sphingolipids” also
covers sphingoid LCB derivatives and for convenience we will use
this broader definition of sphingolipid in this review. As shown in
Figure 1, the extremely high structural diversity of sphingolipids
is attributed to (a) the length of the sphingoid LCB (the most
common chain being 18 carbon atoms) and the N -acylated FA
chain (often ranging from 14 to 36 carbon atoms; Breslow and
Weissman, 2010; Merrill, 2011), (b) the degree of hydroxylation,
and number and position of double bond in the LCB, (c) the
saturation and hydroxylation status of the FA, and (d) the sub-
stituent as the head group at position 1 of the basic ceramides
(which contains a simple hydroxyl group; Breslow and Weissman,
2010; Tafesse and Holthuis, 2010; Merrill, 2011). Thus, the result-
ing eukaryotic sphingolipidome is very complex, comprising up to
thousands of sphingoid bases and their derivatives, which has per-
plexed “sphingobiologists” for decades (Merrill et al., 2007, 2009).
For example, one recent sphingolipid profiling assay alone identi-
fied over 200 sphingolipids in Arabidopsis leaves (Markham et al.,
2006; Markham and Jaworski, 2007). It is the structural diversity
of sphingolipids that is believed to enable their diverse cellular
functions including those related to immunity in plants and other
eukaryotic organisms. There is a convenient short-hand nomen-
clature to describe sphingolipids with structural features (Chen
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FIGURE 1 |The basic structure, building blocks, and sources for

structural diversity of sphingolipids. All the structural variables are
highlighted in red and indicated by a number in a shaded circle. Ceramide
(Cer) is the fundamental unit of all complex sphingolipids. The Cer core
consists of two structural moieties: the sphingoid long-chain base (LCB)
and the fatty acid (FA) chain linked via an amide bond. The typical LCB has a
chain length of 18 carbons, which may be hydroxylated at 4-position 1 , or
have a double bond at the 4 or 8 carbon 2 . The FA chain may be
hydroxylated at the α-position 3 , and/or have a double bond at
ω9-position 4 . The FA chain length may vary from 14 to 36 (if >20, it is
referred to as very long-chain FA, i.e., VLCFA) 5 . The structurally diverse
ceramides can be converted to more complex sphingolipids via substitution
of the head group designated R at the 1-position of the LCB 6 . Additional
sugar residues may be further added to IPCs and GlcCERs, resulting in
more complex sphingolipids.

et al., 2010; Merrill, 2011). For example, d18:1/C16:0 refers to
a ceramide consisting of dihydrosphingosine with an 18 carbon
chain plus 1 double bond (d18:0), and an amide-linked C16 FA
chain with 0 double bond (C16:0).

Despite the structural diversity, sphingolipid metabolism is
generally conserved in animals, yeast, and plants (Hannun and
Obeid, 2008; Merrill, 2011). Complex sphingolipids can be formed
via two major pathways: the de novo biosynthesis pathway, start-
ing with the condensation of a serine with an acyl-CoA; and the
salvage pathway, where ceramides and LCBs as catabolites of more
complex sphingolipids re-enter the synthetic pathway (Kitatani
et al., 2008; Pata et al., 2010; Merrill, 2011). The major steps of the
biosynthesis of sphingolipids and their modification and degrada-
tion pathways have been elucidated in yeast and other eukaryotic
organisms (see excellent reviews by Breslow and Weissman, 2010;
Hannun and Obeid, 2011; Merrill, 2011). To help the reader bet-
ter understand our focused review, we highlight here the major
known steps of sphingolipid metabolism in plants (Figure 2).

As depicted in Figure 2, sphingolipid biosynthesis begins in the
endoplasmic reticulum (ER) with the condensation of serine and
fatty acyl-CoA. This reaction is catalyzed by the enzyme serine
palmitoyltransferase (SPT) and yields the first of a series of LCBs
(Tafesse and Holthuis, 2010; Merrill, 2011). The resulting LCBs
become acylated and are further modified to form ceramides – the
backbone of more complex sphingolipids (Tafesse and Holthuis,
2010). Ceramides are then transported to the Golgi complex,
where they acquire a species-specific array of polar head groups
to form the complex sphingolipids such as sphingomyelin (SM;
in animals), (glycosyl) inositol-phosphorylceramides [(G)IPCs;
in plants and fungi], and various glucosylceramides (GlcCERs)

found primarily on the cell surface (Tafesse and Holthuis, 2010).
Thus, the four major classes of plant sphingolipids are free LCBs,
ceramides, GIPCs, and GlcCERs. Although GIPCs and GlcCERs
are much more abundant (>10×) than LCBs and ceramides in
plant cells (Markham et al., 2006; Markham and Jaworski, 2007),
their biological functions beyond structural roles in membrane
formation are poorly characterized. By contrast, like in yeast and
animals, less abundant LCBs and ceramides and their derivatives
formed via phosphorylation and hydroxylation, are known to be
implicated in regulation of multiple important cellular functions
in plants, such as stomata closure mediated by ABA signaling
(Coursol et al., 2003; Michaelson et al., 2009; Quist et al., 2009) and
plant PCD (see later text). Thus, their relative levels are thought
to be tightly regulated. Recent studies in yeast suggest that two
yeast homologs of human orosomucoid (Orm) proteins Orm1
and Orm2 function as a rheostat to regulate sphingolipid synthe-
sis and these two proteins are regulated via phosphorylation by the
protein kinase Ypk1 (Breslow et al., 2010; Han et al., 2010; Roelants
et al., 2011). Mutations in human Orm-like protein 3 (ORMDL3)
gene are associated with susceptibility to multiple pathological
disorders, indicating the importance of a tight regulation of sphin-
golipid metabolism (Breslow et al., 2010; Jin et al., 2011). A BLAST
search also identified two likely Orm homologs, At1G01230 and
At5G42000 in the Arabidopsis genome. It is possible that these
Orm-like genes serve similar regulatory function in plants.

THE “DEATH” CONNECTIONS BETWEEN SPHINGOLIPID
METABOLISM AND PLANT DEFENSE/DISEASE
“DEATH” CONNECTION I: FUNGAL TOXINS AND PLANT DISEASES
Plants and their pathogens engage in a long lasting warfare to sur-
vive and thrive. The strategies for infection and defense depends
on the modes of parasitism: necrotrophs kill and feed on hosts
whereas biotrophs co-survive with their hosts and thus suppress
cell death (HR) to enable infection. Thus control of the host cell
fate at the site of infection is a key battle between plants and their
pathogens.

Retrospectively, the identification of two major groups of toxins
AAL (named from initials of the producing pathogen; see below)
and fumonisin B1 (FB1) from plant necrotrophic pathogens coin-
cided with and facilitated early research on sphingolipid metab-
olism and its cellular functions in yeast, plants, and animals.
Although numerous studies have been conducted with AAL and
FB1 as inhibitor of the acyl-CoA-dependent ceramide synthases
(CerSs), there are only a few investigations focusing on whether
AAL and FB1 contribute to virulence of the necrotrophic fun-
gal pathogens. Here, we examine the “death” connection between
these two toxins and fungal virulence.

Fungal toxin AAL as a virulence factor induced PCD
In search for the fungal factor of Alternaria alternata f. sp. lycoper-
sici, a necrotrophic pathogen causing stem canker disease on cer-
tain tomato cultivars, Gilchrist and colleagues isolated (Gilchrist
and Grogan, 1976) and purified (Clouse et al., 1985) the fungal
toxin AAL that induced the stem canker disease symptom. In these
studies, they also found that resistance of tomato to the toxin is
controlled by a single dominant gene named Asc (Gilchrist and
Grogan, 1976). Genetically, Asc is a typical R gene that counteracts
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FIGURE 2 |The major steps of sphingolipid metabolism in plants.

De novo ceramide synthesis occurs in the ER and synthesis of more complex
sphingolipids occurs in the Golgi apparatus. The metabolic steps genetically

characterized to be critical for plant PCD regulation are enumerated 1 to 6 ;
Name of enzymes are in white boxes, and genetically characterized ones in
gray boxes; Uncharacterized steps are linked with dashed lines.

the activity of a virulence factor, in this case the AAL toxin. Later,
Akamatsu et al. (1997) made 3 AAL-toxin-deficient mutants of
A. alternata f. sp. lycopersici and found that these fungal mutants
could not cause symptoms on susceptible tomato, indicating that
the toxin is required for pathogenicity of the fungus (Akamatsu
et al., 1997). AAL was later found to be a potent inducer of plant
PCD (Mirocha et al., 1992; Witsenboer et al., 1992; Gilchrist et al.,
1995a; Wang et al., 1996b), apoptosis and other maladies in a
wide range of animal cells (Shier et al., 1991; Abbas et al., 1995b;
Gilchrist et al., 1995b; Wang et al., 1996a), with typical features
of PCD such as DNA fragmentation, laddering, and caspase acti-
vation (in animal cases). The structure of AAL was resolved and
was found to be structurally analogous to sphingosine (Shier et al.,
1995), implicating sphingolipid metabolism in plant PCD and ani-
mal apoptosis (Mirocha et al., 1992; Abbas et al., 1994, 1995a;
Gilchrist et al., 1995b).

Asc was cloned in 2000 by Brandwagt and colleagues and
found to share homology to the yeast longevity assurance gene
LAG1 (D’Mello et al., 1994; Brandwagt et al., 2000). AAL-sensitive
tomato (asc/asc) genotypes bear loss-of-function mutations in

the Asc gene (Brandwagt et al., 2000; Spassieva et al., 2002).
Overexpression of Asc was found to confer insensitivity to
another sphingosine analog, mycotoxin FB1 and resistance to plant
infection by A. alternata f. sp. lycopersici (Brandwagt et al., 2002).

Yeast LAG1 and its close homolog LAC1, and their mam-
malian homologs encode acyl-CoA-dependent CerSs (Schorling
et al., 2001; Guillas et al., 2003; Riebeling et al., 2003). Con-
sistent with AAL being a sphingosine analog, AAL has been
shown to be a potent inhibitor of CerSs in yeast and animals
(Abbas et al., 1994; Gilchrist et al., 1995b; Riebeling et al., 2003;
Figure 2). Asc is thus predicted to encode a plant acyl-CoA-
dependent CerS, although biochemical evidence has not been
provided. Based on the biochemical nature of AAL and its target
enzyme CerS, there are two possible mechanisms underlying AAL-
induced PCD in plants (and animals): (i) accumulation of LCBs
[dihydrosphingosine (sphinganine; d18:0) and phytosphingosine
(4-hydroxysphinganine; t18:0); Wang et al., 1996b; Brandwagt
et al., 2000] or (ii) ceramide deficiency. However, because block-
ing the first step of sphingolipid synthesis by myriocin, another
fungal toxin, alleviates PCD induced by AAL, this suggests that a
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decrease in de novo ceramide synthesis is not, by itself, the cause
for AAL-induced PCD (Spassieva et al., 2002). Thus it appears that
it is the accumulation of LCBs due to inhibition of CerS activity by
AAL that triggers PCD. Alternatively, the ratio of LCBs/ceramides
may constitute a switch, triggering PCD (Spassieva et al., 2002).
These findings stimulated studies of LCBs as signaling molecules
involved in multiple cellular processes in yeast, plants and animals
(see later text for more details).

Fumonisin as a virulence factor induces PCD
Fumonisins comprise another group of fungal toxins that are
structural analogs of sphingosine and potent inhibitors of acyl-
CoA-dependent CerSs (Merrill et al., 1993; Abbas et al., 1994;
Gilchrist et al., 1995a; Figure 2). These toxins are produced by
several species of Fusarium molds such as F. verticillioides and F.
moniliforme capable of infecting many cereal crops such as maize,
wheat, and barley (Sydenham et al., 1990; Thiel et al., 1991). Thus,
food and feed contamination with fumonisins presents a serious
safety concern to animals and humans (Sydenham et al., 1990;
Marasas, 2001; Grenier and Oswald, 2011).

Fumonisin B1 is the most prevalent member of this toxin
family and has been widely used as a probe to investigate the
cellular functions of sphingolipid metabolism in yeast and ani-
mals (Abbas et al., 1994, 1995b; Wang et al., 1996a; Schmelz
et al., 1998; Riebeling et al., 2003). In contrast, relatively little is
known about the physiological effect of fumonisins from fun-
gal pathogens in the natural environment on the development of
plant diseases. Earlier studies with maize pathogens Fusarium spp.
revealed positive correlations between production of FB1 and lev-
els of virulence (Desjardins et al., 1995; Desjardins and Plattner,
2000; Williams et al., 2007). More recently, through molecular
and genetic studies, Glenn et al. (2008) identified the fumonisin
biosynthetic gene cluster in F. verticillioides infectious on maize
seedlings. They generated mutant strains in which a polyketide
synthase gene (FUM1) is disrupted and production of fumonisins
is abrogated and found that these mutant strains were not path-
ogenic on maize seedlings, thus providing genetic evidence that
fumonisin production by F. verticillioides is required for devel-
opment of foliar disease symptoms on maize seedlings (Glenn
et al., 2008). In addition, Sanchez-Rangel et al. (2011) found
that F. verticillioides and pure FB1 toxin suppress the activities
of two basic isoforms of maize β-1,3-glucanase (PR2-like pro-
teins). Hence they suggested that β-1,3-glucanases are relevant
physiological targets of FB1 and their suppression by FB1 might
contribute to F. verticillioides virulence (Sanchez-Rangel et al.,
2011).

Compared to AAL, FB1 has been more widely used as a tool
to study the connection of PCD due to perturbation of sphin-
golipid metabolism and activation of plant defense. Of note, Stone
et al. (2000) found that FB1-induced cell death in Arabidopsis is
associated with generation of ROS, deposition of phenolic com-
pounds and callose, accumulation of phytoalexin, and expression
of pathogenesis-related (PR) genes, which is mechanistically simi-
lar to HR in ETI. Furthermore, they showed that FB1-induced cell
death in Arabidopsis protoplasts requires jasmonate-, ethylene-,
and SA-dependent signaling pathways (Asai et al., 2000). These
results provide strong evidence to support the notion that the

execution of PCD induced by FB1 and HR share some basic cellular
mechanisms.

Kuroyanagi et al. (2005) further showed that VPE, which is
essential for HR development, is also required for FB1-induced
cell death in Arabidopsis (Kuroyanagi et al., 2005). FB1-induced
cell death was accompanied with disruption of vacuolar mem-
brane followed by lesion formation. The features of FB1-induced
cell death were completely abolished in the Arabidopsis VPE-null
mutant. Because VPE shows caspase-1-like activity in plants and
is essential for HR cell death, this finding links FB1-induced to HR
and apoptosis in animals (Kuroyanagi et al., 2005).

Furthermore, Li et al. (2008) showed that a (caspase-like) ser-
ine protease (Kunitz trypsin) inhibitor (KTI1) of Arabidopsis is
induced late in response to bacterial and fungal elicitors and to
exogenous SA (Li et al., 2008). RNAi silencing of the AtKTI1 gene
resulted in enhanced leaf PCD induced by FB1 or HR induced by
an avirulent bacterial pathogen Pseudomonas syringae pv tomato
DC3000 carrying avrB. Overexpression of AtKTI1 on the other
hand reduced FB1-induced PCD and the HR (Li et al., 2008), again
suggesting that FB1-induced PCD is mechanistically connected
with HR.

In summary, studies on the mode-of-action(s) for two fungal
toxins AAL and FB1 have collectively revealed that induction of
plant PCD due to inhibition of the acyl-CoA-dependent CerS is
a virulence strategy of necrotrophic pathogens and suggested that
there is an intimate connection between sphingolipid metabolism
and plant PCD associated with plant disease caused by necrotrophs
and possibly with plant defense against biotrophs.

“DEATH” CONNECTION II: ARABIDOPSIS MUTANTS IDENTIFIED BY
FORWARD GENETICS
Since HR often occurs during ETI and shows similar molecular
and physiological features with PCD induced by fungal toxins and
other pathogen elicitors, one strategy to elucidate the genetic com-
ponents that negatively regulate HR is to identify and characterize
genetic mutations that result in HR-like cell death and constitutive
expression of SA-dependent PR genes. Many such so-called lesion-
mimic Arabidopsis mutants have been isolated and characterized
in the past two decades. Collectively, these studies have revealed
several regulatory mechanisms contributing to plant PCD associ-
ated with defense (reviewed by Lorrain et al., 2003; Moeder and
Yoshioka, 2008). A few genes identified by this forward genetics
approach are predicted to encode proteins involved in sphingolipid
metabolism (Table 2), thus providing solid genetic evidence for
the connection between sphingolipid metabolism and plant PCD
associated with defense.

FBR11 – a subunit of the serine palmitoyltransferase
Given that FB1-induced PCD shares common features of HR,
a facile genetic screen using FB1 as a PCD inducer identified
two FB1-resistant in Arabidopsis mutants fbr1 and fbr2 (no cell
death in the presence of 1 μM FB1 on agar medium; Stone et al.,
2000). Though no further report on the identity of the two muta-
tions, a T-DNA insertion-mediated knockdown mutant named
fbr11-1 was identified using a similar mutant screening scheme
(Shi et al., 2007). FBR11(At4g36480) encodes a long-chain base 1
(LCB1) subunit of SPT (Shi et al., 2007). SPT catalyzes the first
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Table 2 | Characterized Arabidopsis genes implicated in sphingolipid-perturbation induced PCD related to defense.

Gene symbol Gene ID Gene product PCD-related phenotypes Possible mechanisms

involved

Reference

LCB1 (FBR11) At4g36480 Subunit of

serine palmi-

toyltransferase

(SPT)

The fbr11-1 knockdown mutant is less

sensitive to FB1-induced

Low levels of LCBs Chen et al. (2006), Shi

et al. (2007)

LCB2a At5g23670 Subunit 2 of

SPT

The lcb2a knockout mutant is less

sensitive to FB1-induced PCD

Low levels of LCBs Saucedo-Garcia et al.

(2011b)

SBH1/SBH2 At1g14290/

At1g69640

Sphingolipid-

C4-

hydroxylase

The double mutant is dwarfed and with

PCD spots

Higher levels of

C16-sphingolipids and lower

levels of VLCFA-sphingolipids,

and/or lack of trihydroxy LCBs

Chen et al. (2008)

SphK1/SphK2 At4g21540/

At2g46090

sphingosine

kinase

The sphk1 knockout mutant is less

sensitive to ABA; Inhibition of the

enzymatic activity makes cells more

sensitive to LCB-induced PCD

Increase in LCBs/LCB-Ps ratio Coursol et al. (2003),

Worrall et al. (2008),

Alden et al. (2011), Guo

et al. (2011)

AtDPL1 At1g27980 LCB

phosphate

lyase

The knockout mutant has increased

sensitivity to FB1-induced PCD

Increase in LCBs/LCB-Ps ratio Tsegaye et al. (2007)

LOH1 At3g25540 Ceramide

synthase

(using VLCFA)

The loh1 knockout mutant shows PCD

associated with PR gene expression

Accumulation of LCBs and

C16-ceramides, and/or reduction

in VLCFA-ceramides

Markham et al. (2011),

Ternes et al. (2011)

LOH2 At3g19260 Ceramide

synthase

(using C16 FA)

Reduction in C16-ceramides; No

obvious phenotype detected so far

NA Markham et al. (2011),

Ternes et al. (2011)

LOH3 At1g13580 Ceramide

synthase

(using VLCFA)

The loh1/loh3 double knockdown

mutant has accumulation of LCBs and

C16-ceramides, but reduction in

VLCFA-ceramides

Mimicking the effect of FB1

treatment

Markham et al. (2011),

Ternes et al. (2011)

CERK (ACD5 ) At5g51290 Ceramide

kinase

The acd5 knockout mutant develops

SA-dependent PCD, and is more

susceptible to P. syringae but more

resistant to powdery mildew

Accumulation of ceramides Liang et al. (2003),

Wang et al. (2008)

FAH1/FAH2 At2g34770/

At4g20870

Fatty acyl

α-hydroxylase

AtFAHs are required for AtBI-mediated

suppression of PCD in mutant yeast

Complementation of yeast fah

mutant

Nagano et al. (2009)

IPCS2 (ERH1) At2g37940 Inositol-

phosphoryl-

ceramide

synthase

The erh1 knockout mutant develops

SA-dependent PCD in plants

expressing RPW8

Accumulation of ceramides with

a trihydroxy LCB and a

non-hydroxylated C16 fatty acid

Wang et al. (2008)

ACD11 At2g34690 Sphingosine

transfer

protein

The acd11-knockout mutant develops

SA-dependent PCD

Failure in sphingolipid transport? Brodersen et al.

(2002), Petersen et al.

(2008)

MIPS1 At4g39800 Myo-inositol

1-phosphate

synthase

The mips1 knockout mutant develops

PCD associated with defense

Ceramide accumulation due to

deficiency in phosphatidylinositol

as substrate for IPCSs

Meng et al. (2009),

Donahue et al. (2010)

MPK6 At2g43790 MAP kinase The mpk6 knock out mutant is less

sensitive to FB1 or free LCB (d18:0)

induced PCD

Defective in LCB-triggered

MAPK signaling engaged in

LCB-triggered PCD

Saucedo-Garcia et al.

(2011b)

Myb30 At3G28910 Transcription

factor

Myb30 positively regulates HR and

defense

Activation of genes encoding

components of acyl-CoA

elongase complex required for

VLCFA synthesis

Raffaele et al. (2008),

Canonne et al. (2011)
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rate-limiting step of de novo sphingolipid synthesis (Figure 2).
This result provided direct genetic evidence for the conclusion
derived from the experiments in which inhibition of SPT by a fun-
gal toxin myriocin alleviated AAL or FB1-induced PCD (Spassieva
et al., 2002). That is: the accumulation of LCBs, not the blockage
of the de novo sphingolipid biosynthesis per se underlies AAL-
/FB1-induced PCD. It is worth noting that another more severe
mutant allele of LCB1, fbr11-2 causes the formation of abortive
microspores due to cell death of the binucleated microspores,
suggesting an essential role of sphingolipid biosynthesis in male
gametophyte development (Teng et al., 2008).

ACD5 – a ceramide kinase
One Arabidopsis mutant with spontaneous accelerated cell death
due to a defect in sphingolipid metabolism is acd5 (Greenberg
et al., 2000). ACD5 is predicted to encode a ceramide kinase
(Liang et al., 2003; Figure 2). Consistently, ceramides as substrates
are accumulated at a higher level in acd5 plants compared to
wild-type plants (Liang et al., 2003). The authors demonstrated
in vitro assays that recombinant ACD5 has ceramide kinase activ-
ities and prefers ceramides containing sphingosine with a double
bond at position 4 (d18:1Δ4E) as the LCB moiety than ceramides
containing dihydrosphingosine (d18:0; Liang et al., 2003). Recent
functional analysis on the rice ACD5 ortholog demonstrated that
ceramides induce cell death with similar features in monocots
and dicots (Bi et al., 2011). Genetic analyses showed that acd5-
mediated cell death is SA-dependent and associated with PR gene
expression, but acd5 plants were slightly more susceptible to viru-
lent bacterial pathogens (Greenberg et al., 2000; Liang et al., 2003),
suggesting that SPI-PCD can be uncoupled from resistance to bac-
terial pathogens. However, acd5 plants showed apparent enhanced
resistance to powdery mildew, which is an obligate biotrophic
fungal pathogen (Wang et al., 2008). These seemingly conflict-
ing results probably reflect the differential efficacy of SPI-PCD
in defenses against pathogens deploying different mechanisms for
pathogenesis.

ERH1 – an inositol-phosphorylceramide synthase
Additional genetic evidence for ceramide accumulation as a poten-
tial trigger of plant PCD in connection with defense came from
a genetic screen for mutations enhancing RPW8-mediated HR
cell death (erh; Wang et al., 2008). RPW8 is an atypical R protein
that confers SA-dependent, broad-spectrum resistance to pow-
dery mildew (Xiao et al., 2001, 2005). ERH1 was cloned and
found to encode an inositol-phosphorylceramide synthase (IPCS;
At2g37940; AtIPCS2), which catalyzes the production of inositol-
phosphorylceramide (IPC) and diacylglycerol from ceramide and
phosphatidylinositol (Nagiec et al., 1997; Denny et al., 2006; Wang
et al., 2008; Figure 2). ERH1 was rapidly induced by Psm avrRpm1
(during ETI) and by powdery mildew especially in plants express-
ing RPW8, and showed elevated expression in plants exhibiting
massive spontaneous HR-like cell death due to overexpression of
RPW8 (Wang et al., 2008). Loss of AtIPCS2 in erh1 plant contain-
ing RPW8 results in significantly higher levels of ceramides and
massive HR-like cell death which correlates with transcriptional
amplification of RPW8 and elevated level of SA (Wang et al., 2008).
There are three IPCS genes in the Arabidopsis genome. AtIPCS2

and the other two homologs (At3g54020, AtIPCS1; At2g29525-
AtIPCS3) all have been shown to possess IPCS activities (Wang
et al., 2008; Mina et al., 2010), with likely differential and over-
lapping organ/tissue expression in Arabidopsis (Mina et al., 2010),
suggesting that there is functional redundancy as well as special-
ization between these three IPCSs (Mina et al., 2010). Notably, the
acd5/erh1 double mutant developed more severe cell death and
acd5/erh1/RPW8 plants show lethal cell death, possibly as a con-
sequence of even higher levels of ceramide or its precursor LCBs
compared to single mutants (Wang et al., 2008).

ACD11 – a sphingolipid transporter
The acd11 mutant provides intriguing evidence linking perturba-
tion of sphingolipid metabolism (transport) with R protein func-
tions in HR. The acd11-knockout (ko) Arabidopsis plants displays
lethal cell death. Similar to PCD induced by FB1, acd11-mediated
PCD is accompanied with SA-dependent PR gene expression
(Brodersen et al., 2002). These phenotypes can be suppressed by
mutations in SA-signaling components EDS1 or PAD4 (Brodersen
et al., 2002). ACD11 is predicted to encode a protein that is struc-
turally similar to mammalian GLTP which transfers glycosphin-
golipids (Sasaki, 1985; Malinina et al., 2004). In fact, human GLTP
could partially suppress acd11-mediated cell death in Arabidopsis
(Petersen et al., 2008). ACD11 was shown in vitro assays to possess
activities in transferring sphingosine (d18:1) but not ceramides
between membranes (Brodersen et al., 2002). Intriguingly, ACD11
was also shown to have activities in transferring animal SM which
has not been detected in plants but structurally similar to plant
IPC. Therefore it is possible that physiological substrates of ACD11
may not be limited to sphingosine (Brodersen et al., 2002; Petersen
et al., 2008). However, because different ACD11 mutant forms
that lost lipid transfer activities toward SM can also rescue the
cell death phenotype of acd11, this uncharacterized sphingolipid
transfer activity of ACD11 (even if it exists in planta) seems dis-
pensable for PCD regulation. These data hint the importance of
transferring sphingosine and other related derivatives by ACD11
to certain subcellular compartments (Figure 2) and suggest that if
this step is disrupted, cell death ensues. Consistent with this spec-
ulation, Petersen et al. (2009) recently identified four potential
ACD11-interacting proteins and all these proteins are associated
with membrane fraction, implying that ACD11 is functionally
related to membrane trafficking (Petersen et al., 2009).

An alternative hypothesis proposed by the authors is that
ACD11 may serve as a “guardee” protein of an intracellular NB-
LRR protein, as it is the case for RIN4 being the “guardee” of
NB-LRR proteins conferring resistance to P. syringae (Axtell and
Staskawicz, 2003; Mackey et al., 2003; Marathe and Dinesh-Kumar,
2003). In this regard, the absence of ACD11 may be sensed by
the cognate NB-LRR protein, which subsequently triggers PCD
(Petersen et al., 2008). The subcellular compartment where ACD11
localizes is currently unknown. Future identification of the exact
physiological substrates of ACD11 and the subcellular location
where ACD11 functions will be revealing.

Because acd11-mediated cell death has intimate connection
with the SA-dependent defense pathway, acd11 was used in a sec-
ondary screen for suppressor mutations. Three such suppressor
mutations named lazarus 1 (laz1), laz2, and laz5 were isolated
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(Malinovsky et al., 2010; Palma et al., 2010). laz1 is a loss-of-
function mutation in At4g38360 encoding a protein showing
homology to human tumor suppressor TMEM34 (Akaishi et al.,
2007; Malinovsky et al., 2010). Although LAZ1 did not seem to
play any role in basal and R gene-dependent resistance to bac-
teria, it is required for HR manifested during NB-LRR R gene
RPS4- and RPM1-mediated resistance to the cognate avirulent
P. syringae strains (Malinovsky et al., 2010). This result supports
the notion that HR can be uncoupled from bacterial resistance
(Clough et al., 2000; Jurkowski et al., 2004; Coll et al., 2010).
Intriguingly, another acd11-cell death suppressor is a dominant
negative mutation in an RPS4-like NB-LRR gene (LAZ5), which
strongly suggests that acd11-cell death engages inappropriate acti-
vation of one or more NB-LRR proteins. This finding also lends
support to the hypothesis that ACD11 may be a“guardee”of one or
more NB-LRR proteins and loss of ACD11 can trigger activation
of its guarding NB-LRRs. In addition, the authors further found
that a loss of function mutation in a gene encoding a histone lysine
methyltransferase SDG8 in the laz2 mutant also suppressed acd11-
cell death (Palma et al., 2010). More interestingly, the authors
showed that SDG8 is required for expression of LAZ5 and proba-
bly other NB-LRR genes and that SDG8 is required for basal and R
protein-mediated pathogen resistance (Palma et al., 2010). Collec-
tively, these results on ACD11 and LAZ genes have established an
intrinsic connection between dysfunction of sphingolipid metab-
olism (likely sphingolipid transport) and plant PCD which shares
common mechanisms with HR occurring in ETI (Palma et al.,
2010).

“DEATH” CONNECTION III: ARABIDOPSIS MUTANTS IDENTIFIED BY
REVERSE GENETICS
Advances in yeast and animal sphingobiology coupled with func-
tional genomics studies of Arabidopsis and other plant species have
led to the identification of most candidate genes (∼30) encoding
enzymes participating in plant sphingolipid metabolism (Zauner
et al., 2010; some are listed in Table 2). As such, a more targeted,
reverse genetics approach has become possible to study the vari-
ous cellular functions of sphingolipids using the Arabidopsis model
system. Such studies have further consolidated the findings based
on the fungal toxins and genetic mutants obtained in forward
genetic screens described above. Here we only introduce three
examples.

LCB2 – the other subunit of the serine palmitoyltransferase
All known eukaryotic SPTs are membrane-associated het-
erodimers that are composed of subunits encoded by the LCB1
(FBR11) and LCB2 genes (Hanada, 2003). In Arabidopsis, there
are two functionally redundant homologous genes (LCB2a and
LCB2b) encoding for the LCB2 subunit (Dietrich et al., 2008).
While genetic data derived from the fbr11-1 mutant fully support
the results from those obtained using fungal toxins (Spassieva et al.,
2002; Wispriyono et al., 2002; Shi et al., 2007), there is consider-
able discrepancy among recent data concerning PCD phenotypes
caused by genetic mutations in LCB2a and LCB2b. The Arabidop-
sis lcb2a-ko mutant is less sensitive to FB1-induced cell death
(Saucedo-Garcia et al., 2011b), consistent with the notion that
accumulation of LCBs plays a critical role in activation of PCD.

Conversely, Takahashi et al. (2009) showed that overexpression
of Nicotiana benthamiana (Nb) LCB2 caused cell death, possi-
bly due to the accumulation of LCBs in the cells with enhanced
activity of SPT (Takahashi et al., 2009). However, a study from
Gan et al. (2009) showed that silencing the presumable sole N.
tobaccum (Nt ) LCB2 enhanced cell death induced by multiple
elicitors including the pro-apoptotic mouse protein Bax, while
overexpression of an LCB2 gene from Chinese cabbage Brassica
campestris (Bc) ssp. chinensis suppressed cell death induced by
the same elicitors and disease associated cell death caused by
Ralstonia solanacearum in N. tobaccum (Gan et al., 2009). Intrigu-
ingly, the ability of BcLCB2 to suppress cell death did not seem to
require its function involving SPT activity, suggesting a novel cel-
lular function independent of SPT for BcLCB2. Whether BcLCB2
overexpression or NtLCB2 silencing in N. tobaccum alters sensi-
tivity to FB1-induced PCD has not been determined. Nor did the
authors test if BcLCB2 overexpression can suppress HR during
ETI in Chinese cabbage. Nevertheless, these unexpected observa-
tions imply that LCB2 from different plant species may behave
differently in heterologous backgrounds and/or that there may be
species-specific threshold levels of LCBs for triggering cell death.

LOH1/LOH2/LOH3 – ceramide synthases
The biochemical function of Asc has not been reported, leaving
the precise biochemical nature of AAL-induced PCD and disease-
like symptom in tomato undetermined. A recent elegant study
by Markham et al. (2011) has offered an indirect but convincing
answer to this question. The authors identified T-DNA mutants
for three Arabidopsis Asc homologs, LAG One Homolog 1 (LOH1;
At3g25540), LOH2 (At3g19260), and LOH3 (At1g13580) based
on sequence homology (Markham et al., 2011). They demon-
strated that LOH1 and LOH3 which encode acyl-CoA-dependent
CerSs are responsible for the synthesis of ceramides contain-
ing very long-chain (C20–C28) FA (VLCFA), whereas the CerS
encoded by LOH2 is specific for synthesis of ceramides contain-
ing C16:0 FAs (Markham et al., 2011; Figure 2). The authors
also found that the loh1/loh3 sesqui-mutant (double knockdown)
showed accumulation of LCBs (such as d18:0 and t18:0) and
C16:0-ceramides, in addition to a significant reduction in VLCFA-
ceramides (Markham et al., 2011). This alteration of the sphin-
golipid pattern is similar to that caused by FB1 treatment on
wild-type Arabidopsis (Abbas et al., 1994; Markham et al., 2011)
and reminiscent of the higher sensitivity of asc/asc tomato plants
to AAL-induced PCD (Brandwagt et al., 2000; Spassieva et al.,
2002). These observations, together with another report that loh1
mutant Arabidopsis developed spontaneous HR-like cell death in
mature leaves at a late developmental stage (Ternes et al., 2011),and
relevant findings in yeast and animals (Guillas et al., 2001; Schor-
ling et al., 2001; Pewzner-Jung et al., 2010; Mullen et al., 2011b),
suggest that (i) different isoforms of acyl-CoA-dependent CerSs in
higher eukaryotes possess differential preferences on FA substrates,
(ii) FB1 selectively inhibits VLCFA-ceramide synthesis in animals
and plants, and (iii) accumulation of LCBs and/or accumulation of
C16-ceramides, and/or deficiency in VLCFA-ceramides (and pos-
sibly accumulation of VLCFAs as substrates) all may contribute to
the initiation of PCD. Based on these results, it seems very likely
that the higher sensitivity/susceptibility of asc/asc tomato cultivars
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to AAL/A. alternata f. sp. lycopersici is due to reduction of total
VLCFA-specific CerS activity as a result of the natural mutation in
the Asc (LOH1/3-like) gene.

SBH1/SBH2 – sphingoid base hydroxylase
The Arabidopsis genome contains two LCB C-4 hydroxylase
genes Sphingoid base hydroxylase1 (SBH1; At1g69640) and SBH2
(At1g14290) for hydroxylation of LCB at 4-position (Figures 1
and 2). sbh1/sbh2 double mutant plants completely lacked trihy-
droxy LCBs, showed severe dwarfism, and enhanced expression of
genes associated with PCD (Chen et al., 2008). In addition, C4-
hydroxylation seems to be optional in C16-Cer species, but oblig-
atory in C20–C28-Cer species, since the sbh1/sbh2 double mutant
showed severely decreased proportions of C20–C28-Ceramide
species, despite an approximate 2.5-fold increase in the total con-
tent of sphingolipids when compared to the wild-type plants
(Chen et al., 2008). These results, together with recent findings
that LOH2 accepts both dihydroxy LCBs (d18:0) and trihydroxy
LCBs (t18:0) for C16-Ceramide synthesis while LOH1 and LOH3
appear to prefer trihydroxy LCBs for VLCFA-ceramide synthesis
(Markham et al., 2011; Ternes et al., 2011) suggest that structural
features of the sphingoid base such as hydroxylation (and likely
desaturation) also affect the efficacy of the corresponding LCBs
and ceramides in regulation of plant growth and development
and PCD, as it has been shown for the LCB mediators in stomata
closure (Ng et al., 2001).

THE BIOACTIVE SPHINGOLIPIDS AS MODULATORS OF
PLANT PCD
An obvious generalization from studies with AAL and FB1, and
genetic analyses with various Arabidopsis mutants is that perturba-
tions of sphingolipid metabolism could lead to plant PCD and that
SPI-PCD is intimately connected with the SA-dependent defense
signaling pathway. However, the exact bioactive sphingolipids that
triggered PCD in most experiments were not definitively char-
acterized. This uncertainty is primarily due to (i) detection of
changes of all relevant sphingolipids by sphingolipidomic profil-
ing was difficult in the past and is still not trivial today (Markham
et al., 2006; Markham and Jaworski, 2007); and (ii) the sphin-
golipid metabolic pathway is an interconnected complex “spider”
web, perturbation in one step will likely produce an “metabolic
ripple effect,” leading to an alteration elsewhere in the metabolic
pathway (Hannun and Obeid, 2008, 2011). Despite the difficulty,
new emerging evidence from recent genetic and biochemical stud-
ies (Liang et al., 2003; Shi et al., 2007; Wang et al., 2008; Peer et al.,
2010; Alden et al., 2011; Markham et al., 2011; Saucedo-Garcia
et al., 2011b), in combination with the data from previous find-
ings with fungal toxins (Abbas et al., 1994, 1995a; Wang et al.,
1996a; Brandwagt et al., 2000) support the notion that both free
LCBs and ceramides, and their respective phosphorylated forms
play a critical role in regulation of plant PCD. These results are
also generally in agreement with the findings in the animal system
(Obeid et al., 1993; Hannun, 1996; Mullen et al., 2011a).

LCBs AND LCB-Ps: THE FIRST “YIN–YANG” PAIR
A rapid accumulation of endogenous dihydrosphingosine (d18:0),
phytosphingosine (t18:0) within hours after AAL or FB1 treatment

was correlated with PCD development both in plants and animals
(Abbas et al., 1994; Riley et al., 1996; Wang et al., 1996a; Norred
et al., 1997; Schmelz et al., 1998). These observations were consis-
tent with the mode-of-action for the fungal toxin AAL and FB1
as inhibitors of acyl-CoA-dependent CerSs and pointed a criti-
cal role for LCBs as signaling molecules for PCD. Results from
more recent studies using exogenous free LCBs for PCD induction
in whole seedlings or localized leaf sections or suspension cul-
tures generally supported this notion (Shi et al., 2007; Takahashi
et al., 2009; Saucedo-Garcia et al., 2011b), or to cultured plant cells
(Lachaud et al., 2010, 2011; Alden et al., 2011).

FB1 treatment also induces accumulation of phosphorylated
forms of LCBs (LCB-Ps) in Arabidopsis (Shi et al., 2007; Markham
et al., 2011; Saucedo-Garcia et al., 2011b), suggesting a potential
regulatory role for LCB-Ps in modulation of plant PCD. Because
LCB-Ps have been shown to suppress PCD in animal cells (Cuvil-
lier et al., 1996; Spiegel et al., 1998; Spiegel and Milstien, 2003), it
is possible that LCB-Ps may serve a similar function in plants.
Shi et al. (2007) showed that whereas exogenous LCBs could
induce ROS production and PCD on leaves of Arabidopsis seedling
grown on agar medium, the respective LCB-Ps were incapable of
inducing PCD. More importantly, ROS generation and cell death
induced by d18:0 were specifically blocked by its phosphorylated
form dihydrosphingosine-1-phosphate in a dose-dependent man-
ner, suggesting that the maintenance of homeostasis between a
free sphingoid base and its phosphorylated derivative is criti-
cal to determining the cell fate (Shi et al., 2007). In support of
this notion, affecting the endogenous ratio between LCBs/LCB-Ps
via a genetic mutation in the AtDPL gene (At1g27980) encod-
ing the LCB-P lyase (Tsegaye et al., 2007) was found to cause
PCD in Arabidopsis leaves, and blocking the conversion of LCBs
to LCB-Ps using inhibitors of sphingosine kinase (SphK) pro-
moted PCD induction by LCBs in Arabidopsis cell culture (Alden
et al., 2011). Combined, these observations support the existence
of a dynamic balance of cellular concentrations of LCBs and
LCB-Ps as a rheostat to control cell fate in both plants and ani-
mals (Verheij et al., 1996; Hannun and Obeid, 2008; Alden et al.,
2011).

However, there is some discrepancy with regard to which LCB
species are the primary or more potent bioactive lipid molecules in
PCD induction based on exogenous applications. Shi et al. (2007)
showed that d18:0, t18:0, or d18:1 all could induced PCD in Ara-
bidopsis seedlings grown on agar medium, d18:0 was less potent
than t18:0, consistent with a previous finding that t18:0 displays
greater phototoxicity than d18:0 (Tanaka et al., 1993). Recently,
however, Saucedo-Garcia et al. (2011b) showed that while d18:0
was a potent inducer of PCD in Arabidopsis seedlings, t18:0 barely
induced PCD. The exact cause of these differences is not clear. It
may be attributable to the differences in plant growth conditions
and ways of LCB application used in these separate studies.

PHYTOSPHINGOSINE (t18:0), THE DEATH SIGNAL FOR HR?
Despite the correlation between accumulation of LCBs and plant
PCD associated expression of SA-dependent defense gene expres-
sion, whether LCB accumulation is an intrinsic early step in the
activation of HR during ETI has not been investigated until
recently. By using a sphingolipidomic profiling approach, Peer
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et al. (2010) found that while Arabidopsis leaves accumulate the
t18:0 as early as 1 h after inoculation with either virulent or aviru-
lent strains of P. syringae pv. tomato (Pst ), only leaves inoculated
with the avirulent strain showed a fast and sustained increase
(∼20×) of t18:0 from 1 to 24 h post-inoculation (hpi; Peer et al.,
2010), which corresponds to the manifestation of HR from 8 to
15 hpi (Kiedrowski et al., 1992). It is important to note that there
was no significant accumulation of d18:0 in both cases (Peer et al.,
2010). By using mutant sbh1-1 (in which generation of t18:0 from
d18:0 through C-4 hydroxylation is compromised), the authors
also demonstrated that the pathogen-triggered t18:0 increase most
likely resulted from de novo synthesis from d18:0 (Peer et al., 2010).
Therefore, this study suggested that t18:0 rather than d18:0 is a pos-
itive regulator of HR. However, how pathogen perception triggers
accumulation of t18:0 is not known, and whether accumulation
of t18:0 plays a role in restricting bacterial growth during ETI also
remains to be determined. Intriguingly, Takahashi et al. (2009)
showed that expression of the NbLCB2 gene is induced to higher
levels in leaves of N. benthamiana after inoculation with the non-
host pathogen Pseudomonas cichorii. Resistance of N. benthamiana
against P. cichorii was compromised in NbLCB2- and NbLCB1-
silenced plants, and in wild-type plants whose SPT activity was
inhibited by myriocin (Takahashi et al., 2009). These results sug-
gest that de novo biosynthesis of sphingolipids (perhaps transient
accumulation of LCBs such as t18:0) is necessary for the non-host
resistance of N. benthamiana against P. cichorii.

CERAMIDES AND CERAMIDE-1-PHOSPHATES: THE SECOND
“YIN–YANG” PAIR
Ceramides have long been known to induce PCD in both plant and
animals (Obeid et al., 1993; Hannun, 1996; Gilchrist, 1997; Town-
ley et al., 2005). Genetic data from the acd5 and erh1 Arabidopsis
mutants also support the notion that ceramide accumulation trig-
gers PCD in plants (Liang et al., 2003; Wang et al., 2008). Recent
studies in animals suggest that bioactive ceramides constitute a
hub for regulation of multiple cellular processes and particularly
act as triggers of apoptosis and autophagy in various cell lines
(Nikolova-Karakashian and Rozenova, 2010; Bedia et al., 2011;
Hannun and Obeid, 2011).

In contrast, phosphorylated ceramides have been shown to sup-
press plant PCD. For example, ceramide-1-phosphate (Cer-1-P)
was able to partially abrogate the cell death of Arabidopsis pro-
toplasts induced by C-2 ceramide (Liang et al., 2003). Given that
ACD5 encodes an active ceramide kinase, this observation sug-
gests that like in the case of LCBs and LCB-Ps, an appropriate
balance between ceramide and Cer-1-P via the ceramide kinase
and phosphatase activities is crucial for cell and tissue homeosta-
sis. Switching this balance toward accumulation of ceramide may
trigger PCD. This is reminiscent of the findings in animals that
Cer-1-P and Ceramide are two antagonistic molecules in regula-
tion of cell fate (Gomez-Munoz, 2004, 2006; Hinkovska-Galcheva
and Shayman, 2010). One possible mechanism explaining Cer-
1-P’s suppression of ceramide-induced PCD in animals is that
Cer-1-P inhibits SPT activity, thereby inhibiting accumulation of
ceramide from de novo synthesis (Granado et al., 2009). It will
be interesting to see if Cer-1-P also inhibits SPT and suppress
ceramide accumulation in plant cells.

MANY CERAMIDES, WHICH ARE MORE POTENT IN TRIGGERING PCD?
There are many structural variants of ceramides with differen-
tial cellular functions (Hannun and Obeid, 2011). For example,
ceramide hydroxylation is important for its efficacy in cell death
induction. Townley et al. (2005) reported that ceramides contain-
ing non-hydroxy short fatty acyl chain, but not ceramides with
2-hydroxylation, induced cell death of Arabidopsis suspension cul-
tures (Townley et al., 2005). Recently, Nagano et al. (2009) identi-
fied two putative 2-hydroxylase (At-FAH ) homologs in Arabidopsis
(Nagano et al., 2009). The authors showed that the Arabidopsis
Bax inhibitor-1 (AtBI-1), which functions to attenuate plant PCD
induced by an array of elicitors including FB1 (Watanabe and Lam,
2006, 2008), interacts with AtFAHs via cytochrome b5 in plant cells
(Nagano et al., 2009). They further showed that the yeast FAH1
gene (which can be functionally complemented by AtFAHs) is
required for suppression of cell death mediated by overexpression
of AtBl-I in yeast and this suppression is associated with increased
levels of 2-hydroxy FAs. Based on these observations, the authors
proposed that AtBI-1 may work with AtFAHs and cytochrome B5
to accelerate the FA 2-hydroxylation of ceramides, thereby regulat-
ing the levels of non-hydroxylated and 2-hydroxylated ceramides,
which in turn modulate cell death in plants (Nagano et al., 2009).
However, genetic evidence for a relevant role of the AtFAH genes
in Arabidopsis has yet to be provided.

The acyl-CoA chain length in ceramides has also important
functional implications for ceramides. Recent work on three Ara-
bidopsis acyl-CoA CerSs showed that LOH1 and LOH3 prefer
VLCFA substrates while LOH2 prefers short chain (C16) FAs
(Markham et al., 2011; Ternes et al., 2011). Accumulation of free
LCBs (d18:0 and t18:0) and/or ceramide species with C(16) FA in
loh1 mutant was thought to be the trigger of PCD (Ternes et al.,
2011). Given the VLCFA preference for LOH1, it seems also pos-
sible that reduction of VLCFA-ceramides and/or accumulation of
the VLCFA substrates may also contribute to PCD in loh1 mutant.
As VLCFA-ceramides are selectively engaged in vesicle trafficking
(Roudier et al., 2010; Markham et al., 2011) and lipid raft for-
mation (Ohno et al., 2010; also see later text), it is conceivable
that depletion of VLCFA-ceramides may cause serious defect in
membrane organization, resulting in cell death.

Given that LCBs and ceramides are metabolically connected,
these lipid molecules and their phosphorylated form may work
together to control PCD. For example, Cuvillier et al. (1996)
showed that S1P can suppress ceramide-induced PCD in mam-
malian cells. We envision this cross regulation may also occur in
plants.

It is important to point out that the physiological concentra-
tions of some bioactive sphingolipids (the free LCBs in particular)
may be extremely low and therefore a very small increase, even
below the technical detection limits, could trigger signaling via
actions on their cognate protein targets. As a corollary to this, it is
also possible that large, measurable increases in other LCBs may
just be a metabolic reflect of the imbalance created by the rise of the
original messenger LCB. Thus, cautions must be exercised when
analyzing a cause–effect relationship from simple correlations
between phenotypes and levels of major sphingolipids.

Finally, in addition to LCBs and ceramides, the more complex
sphingolipids (GIPCs and GlcCERs) might also serve signaling
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roles in plant PCD. However because they are major structural
components of plant cell membranes and have at least 10× higher
levels than free LCBs and ceramides in plant cells (Markham et al.,
2006; Markham and Jaworski, 2007), it is more difficult to assess
the contribution of these complex ceramides in plant PCD due to
the difficulty in detecting subtle spatiotemporal changes of these
compounds that may provide signals for PCD.

POTENTIAL CONNECTIONS WITH OTHER SIGNALING PATHWAYS FOR
PLANT PCD AND DEFENSE
VLCFAs are also required for the biosynthesis of the plant cuticle
that is critical for plant defense as a physical barrier and a signal-
ing platform (Xia et al., 2009, 2010). It has also been reported that
perturbation of VLCFA synthesis and metabolism in the leaf epi-
dermis of Arabidopsis causes PCD of trichome cells (Reina-Pinto
et al., 2009). Thus the VLCFA pathway may impact plant PCD
and defense via both the sphingolipid metabolism and the synthe-
sis of plant cuticle. Raffaele et al. (2008) recently found that four
genes encoding enzymes forming the acyl-CoA elongase complex
required for synthesis of VLCFAs appear to be putative targets of
Myb30 (Raffaele et al., 2008), a transcription factor acting as a pos-
itive regulator of SA-dependent HR and resistance (Vailleau et al.,
2002; Raffaele et al., 2006), thus linking the VLCFA synthesis path-
way with HR and plant defense. The authors proposed that Myb30
modulates HR via VLCFAs by themselves, or VLCFA derivatives,
as cell death messengers in plants (Raffaele et al., 2008). Given that
VLCFAs are substrates for synthesis of ceramides by LOH1 and
LOH3, HR-like cell death in the loh1 knockout plants (Ternes et al.,
2011) may partially result from accumulation of VLCFAs. A con-
nection between VLCFAs and plant defense is further supported by
a recent study in which Canonne et al. (2011) found that a bacterial
effector protein XopD specifically targets Myb30, resulting in inhi-
bition of the transcriptional activation of MYB30, VLCFA-related
target genes and suppression of Arabidopsis defense. This find-
ing, together with the earlier work from the same group, suggests
that bacterial pathogens target and suppress host VLCFA biosyn-
thesis and consequently impact VLCFA-ceramide levels in plants,
thereby suppressing host defense. Direct targeting of sphingolipid
metabolism by any pathogen effector protein for suppression of
HR and/or defense, though expected, has not been reported.

Phosphatidylinositol as substrate for synthesis of more complex
phosphoinositides and IPCs provide the metabolic connection
between the two pathways. Consistently, mutant plants lacking
myo-inositol 1-phosphate synthase 1 (MIPS1) exhibited PCD and
enhanced basal resistance to pathogens, which was accompanied
by elevated ceramides and hydroxyceramides (Meng et al., 2009;
Donahue et al., 2010). This phenotype may be due to a reduction
of IPCS activity as a result of a shortage of phosphatidylinositol
as substrate for IPCSs, thus mimicking erh1 (atipcs2)-conditioned
PCD (Wang et al., 2008). In addition, mips1 and higher order
mutants with genetic depletion in two or more of the MIPS genes
also show defects in membrane trafficking (Chen and Xiong, 2010;
Luo et al., 2011). Moreover, phosphoinositides are also known to
participate in transport of sphingolipids, apart from their direct
metabolic connections with sphingolipids (e.g., sharing phos-
phoinositol source; Breslow and Weissman, 2010). One notable
example is that the mammalian ceramide transport proteins

CERT and FAPP2 require direct binding to phosphatidylinositol-
4-phosphate (PI4P) for their function in ceramide transport
(Hanada et al., 2003; D’Angelo et al., 2007). Because loss of ACD11
(a sphingolipid transporter) triggers PCD and defense gene expres-
sion in plants (Brodersen et al., 2002), it might be possible that a
defect in PI4P biosynthesis may impact ceramide transport, lead-
ing to PCD. Another example is that phosphatidic acid (PA) binds
to SphKs in Arabidopsis and stimulates their activities in phospho-
rylating (phyto)sphingosine to generate (phyto-)S1P (Guo et al.,
2011). Since S1P is known to regulate ABA-dependent stomatal
apertures via the heterotrimeric G-protein alpha-subunit GPA1
(Coursol et al., 2003, 2005) and suppress plant PCD (which is
often SA-dependent) induced by accumulation of phytosphingo-
sine (Shi et al., 2007; Alden et al., 2011), the PA–SphK interaction
may constitute one of the regulatory mechanisms underlying the
complex interplay between the ABA pathway and the SA pathway
(Adie et al., 2007; Yasuda et al., 2008; Grant and Jones, 2009).

Nitric oxide (NO) and ROS are implicated in plant immunity
(Asai et al., 2010). Whereas ROS production was shown in many
cases to precede SPI-PCD (Townley et al., 2005; Shi et al., 2007;
Saucedo-Garcia et al., 2011a), the connection between NO gener-
ation and SPI-PCD is rarely investigated. Wang et al. (2007) found
that generation of NO is required for elicitation of plant defense
response in Taxus yunnanensis cell culture by cerebroside, a gly-
cosphingolipid derived from a fungus. Inhibition of NO synthase
activity partially blocked the cerebroside-induced H2O2 produc-
tion and cell death, suggesting an essential signaling role for NO in
SPI-PCD (Wang et al., 2007). More recently, Cantrel et al. (2011)
showed that NO negatively regulates the formation of Phyto-S1P
and Cer-1-P, two phosphorylated sphingolipids that are transiently
synthesized upon chilling. Because Phyto-S1P and Cer-1-P coun-
teract with t18:0 LCBs and ceramides in PCD induction in plants
(Liang et al., 2003; Shi et al., 2007), it remains interesting to deter-
mine if NO production generally occurs in SPI-PCD and whether
NO regulates HR via this mechanism.

MPK6, THE FIRST CHARACTERIZED PROTEIN TARGET OF BIOACTIVE
SPHINGOLIPIDS FOR PLANT PCD AND DEFENSE
Since the identification of protein kinase C as the first target of
sphingosine in mammalian cells (Hannun et al., 1986), bioactive
sphingolipids have been shown to target many proteins and reg-
ulate their cellular functions in yeast and animals (reviewed by
Hannun and Obeid, 2008). Genetically, SPI-PCD has been shown
to engage several essential components of immunity such as EDS1,
PAD4, and SA (Asai et al., 2000; Greenberg et al., 2000; Brodersen
et al., 2002; Wang et al., 2008). However, despite the strong genetic
connection, no direct protein target of bioactive sphingolipids for
SPI-PCD and defense has been characterized in plants. A recent
report by Saucedo-Garcia et al. (2011b) may represent a break-
through. In this study, the authors identified mitogen-activated
protein kinase 6 (MPK6) to be a potential direct protein target
downstream of LCBs in the signal transduction leading to cell
death. Their conclusion was supported by several lines of evidence:
(i) MPK6 as a kinase is rapidly (∼15 min) activated by exogenously
added FB1 and d18:0 or t18:0; (ii) the mpk6 Arabidopsis mutant
has significantly reduced sensitivity to FB1-induced PCD despite
accumulation of endogenous LCBs or PCD induced by application
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of the exogenous d18:0 (which suggests MPK6 is downstream of
LCBs); and (iii) mpk6 mutant seedlings seemed to be partially
compromised in ETI (showing more bacterial growth than wild-
type and Lcb2a). Earlier published work showed that (i) MPK6
is a known component of the MAP kinase signaling module of
PTI (e.g., flagellin-triggered immunity; Asai et al., 2002; Pitzschke
et al., 2009), (ii) MPK6 also contributes to ETI and SA-dependent
basal resistance (Zhang et al., 2000; Desikan et al., 2001; Menke
et al., 2004), (iii) MPK6 is targeted and inhibited by HopA1, an
effector protein of P. syringae (Zhang et al., 2007), and (iv) t18:0 is
rapidly accumulated before the onset of HR and ETI (Peer et al.,
2010). Thus, MPK6 appears to be a molecular hub that may inte-
grate signals from PTI and ETI and is, not surprisingly, targeted
by pathogens for enhancing virulence. However, how ETI may be
connected to PTI via MPK6 is not understood. In this context,
the new finding by Saucedo-Garcia et al. (2011b), seems to sug-
gest that plants develop ETI in part through reinforcing PTI, and
activation of MPK6 by bioactive free LCBs de novo synthesized in
infected tissues during early signaling of ETI may act as a “bridge”
connecting the ETI and PTI pathways. It is interesting to note
that OsMAPK6, the rice ortholog of MPK6 is also activated dur-
ing immune response induced by pathogen-specific sphingolipids
which presumably function as PAMPs (Umemura et al., 2000; see
next section for details), and FB1 also increases MPK activity in
animal cells (Wattenberg et al., 1996; Pinelli et al., 1999).

Whether LCBs activate MPK6 directly via binding to MPK6
or indirectly via activation of a kinase(s) upstream of MPK6
remains to be determined. Also, because the mpk6 mutant is com-
promised in R-gene resistance, but lcb2a is not (Saucedo-Garcia
et al., 2011b), MPK6 seemed to be (partially) functional in lcb2a
plants. This implies that there may be sufficient LCBs in the lcb2a
mutant (resulting from ceramide catabolism, for example) that
allows (partial) activation of MPK6 or MPK6 may be activatable
by other molecules during infection. It will be interesting to test
if Lcb2a and mpk6 single (or myriocin-treated wild-type) and
lcb2a/mpk6 double mutant plants are compromised in HR and
resistance to further establish the link between LCB accumulation,
MPK6 activation and HR.

REGULATION OF BIOACTIVE SPHINGOLIPIDS DURING DEFENSE: WHEN
AND WHERE TO DIE?
It is conceivable that as potential endogenous danger signals for
PCD in connection with defense gene expression, levels of LCBs
and ceramides must be tightly regulated in plant cells. Unfor-
tunately, except for one report showing a rapid and transient
elevation of t18:0 that correlates with ETI (Peer et al., 2010), there
is no other study on spatiotemporal dynamics of these bioactive
sphingolipids in cells/tissues developing HR, and how it may be
regulated. One possible regulatory mechanism involves manipu-
lation of key metabolic enzymes listed in Table 2 at the transcrip-
tional and/or (post)-translational levels to produce a rapid local
change in levels of relevant bioactive sphingolipid, thereby allow-
ing controlled PCD. Several genes (LCB1, LCB2, ACD5, ERH1, etc)
encoding enzymes in the sphingolipid metabolic pathway have
been shown to be induced by pathogen infection (Liang et al., 2003;
Wang et al., 2008; Gan et al., 2009; Takahashi et al., 2009), support-
ing this speculation. Further, there is likely tissue/organ-specific

regulation of the abundance of the bioactive sphingolipids, owing
to the spatiotemporal distribution of relevant metabolic enzymes
and their regulators. For example, different ceramidases degrade
ceramides by hydrolyzing the N -acyl linkage between the LCB and
FA moieties, thereby regulating the dynamic balance of ceramides,
LCBs and their phosphate derivatives in a tissue/cell-specific man-
ner in animals (Spiegel and Milstien, 2003; Hannun and Obeid,
2008; Mao and Obeid, 2008). Although little is known about plant
ceramidases in general (Pata et al., 2008; Yu et al., 2011), distinct
isoforms differing in their subcellular localization and substrate
specificities should exist in plant cells (Pata et al., 2010). Orm pro-
teins as key regulators of sphingolipid homeostasis in yeast and
animals (Breslow et al., 2010; Han et al., 2010) probably func-
tion similarly in plants to exert feedback regulation. In this regard,
it will be interesting to test if the two Orm-like genes in Ara-
bidopsis (AT1G01230 and AT5G42000) are subject to regulation
by pathogen signals.

SPHINGOLIPIDS AS POTENTIAL PAMPS FOR TRIGGERING
PLANT IMMUNITY?
As described above, bioactive sphingolipids act as danger signals
to activate PCD with defense gene expression in plants. Inter-
estingly, pathogen-specific sphingolipids have also been found to
elicit immune responses in rice. It was reported that cerebrosides
A, and C (categorized as glycosphingolipids) from Magnaporthe
oryzae induce HR and defense in rice plants (Koga et al., 1998;
Umemura et al., 2000). Treatment of rice leaves with cerebro-
side A induced the accumulation of antimicrobial compounds
(phytoalexins), PCD, and increased resistance to subsequent infec-
tion by compatible pathogens. While the degradation products
of cerebroside A showed no elicitor activity (Koga et al., 1998),
ceramides prepared from the cerebrosides by removal of glu-
cose also showed the elicitor activity (Umemura et al., 2000).
It was further found that the methyl group at C-9 and the 4E-
double bond in the sphingoid base moiety of cerebroside A and
C are the key elements determining the elicitor activity of these
compounds (Koga et al., 1998). Umemura et al. (2004) also
detected similar cerebroside A, B, and C in several soil-borne phy-
topathogens, such as Fusarium, Pythium, and Botrytis and found
that these sphingolipids act as non-race-specific elicitors of defense
in many different plant species (Umemura et al., 2004). How these
pathogen derived cerebrosides induce defense response is currently
unknown. There are two possible mechanisms. First, these cere-
brosides or their ceramide metabolites may interfere sphingolipid
metabolism of host plants, causing SPI-PCD just as exogenous free
ceramides or LCBs. The other possibility is that these pathogen-
specific lipids are recognized by host plants as PAMPs by immune
receptor protein(s) at the plasma membrane, thereby inducing
immune response. Arguing for the second mechanism, Kurusu
et al. (2011) recently showed that pathogen-specific sphingolipids
induced Ca2+ signaling, MAPK activation and ROS production in
cultured rice cells in a similar manner as oligosaccharide PAMPs
(Kurusu et al., 2011). However, since both a rapid increase of
Ca2+ concentration and production of ROS were also thought
to be involved in early signaling for plant PCD induced by free
LCBs or ceramides (Shi et al., 2007; Xiong et al., 2008; Lachaud
et al., 2010; Saucedo-Garcia et al., 2011a), definitive evidence (i.e.,
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identification of the receptor for fungal sphingolipid elicitors) for
the second mechanism has yet to be provided.

It is interesting to note that the rice ortholog of AtMKP6,
OsMAPK6, has been shown to be post-translationally activated
in a rice cell culture by cerebroside A (Lieberherr et al., 2005). Fur-
ther, the expression of OsMAPK6 is required for defense activation
in rice (Lieberherr et al., 2005), suggesting that MPK6-specified
MAPK cascade is a conserved signaling module in sphingolipid-
triggered defense in both dicots and monocots. More interestingly,
genetic analyses showed that the heterotrimeric G-protein alpha-
subunit is required for activation of a rice Rop GTPase (OsRac1;
Suharsono et al., 2002), which in turn acts upstream of OsMAPK6
for defense activation by the sphingolipid elicitor (Lieberherr
et al., 2005). Given that S1P-mediated ABA signaling in Arabidop-
sis requires the heterotrimeric G-protein alpha-subunit (Coursol
et al., 2003), it seems possible that some fungus-specific sphin-
golipids or plant endogenous LCBs may target the heterotrimeric
G-protein for eliciting MAPK-dependent signaling leading to
defense, whereas phosphorylated LCB (S1P) may target the same
G-protein to elicit ABA signaling leading to stomatal closure. Thus
the complex crosstalk between SA-signaling and ABA-signaling
may result from the interplay between LCBs and phosphory-
lated LCBs via the G-protein as an early step of the two signaling
pathways.

SPHINGOLIPIDS AND LIPID RAFTS IN PLANT IMMUNITY
One distinct feature of ceramides and more complex sphingolipids
as structural components of cell membranes is that they induce an
increase in molecular ordering in phospholipid bilayers, which
ultimately leads to lateral phase separation and formation of
sphingolipid-enriched domains (Stancevic and Kolesnick, 2010).
These microdomains or lipid rafts refer to dynamic nanoscale
assemblies (10–200 nm) in cell membranes that are enriched
for sphingolipids, sterol, and glycosylphosphatidylinositol (GPI)-
anchored proteins (Parton and Hancock, 2004; Lingwood and
Simons, 2010). The lipid rafts provide a platform for sorting
proteins to the cell surface, organize (compartmentalize) function-
ally relevant proteins such as receptors and signaling molecules
at the cell membrane to facilitate detection of external stimuli,
initiation, and amplification of signaling processes (Lingwood
and Simons, 2010; Stancevic and Kolesnick, 2010; Vieira et al.,
2010). Recent advanced imaging and biochemical analyses have
further demonstrated the existence of lipid rafts in eukaryotic
cell membranes (van Zanten et al., 2009, 2010; Morris et al.,
2011).

Studies in the animal field have demonstrated that immune
receptors and components of their signaling cascades are spa-
tially organized and that sphingolipids function as key orga-
nizing elements in the formation of lipid rafts (reviewed by
Dykstra et al., 2003; Lingwood and Simons, 2010; Fessler and
Parks, 2011). For example, lactosylceramide (LacCer)-enriched
microdomains may form supramolecular complexes with other
immune receptors on the plasma membrane for phagocytosis
of non-opsonized microorganisms, including bacteria and yeast,
and consequently implicated in induction of defense response
including ROS production and phagocytosis (Yoshizaki et al.,
2008).

Although there are only a few relevant studies in plants,
increasing evidence suggest that microdomains also exist in the
plant plasma membrane. Recent quantitative proteomic analy-
ses showed that proteins especially GPI-anchored proteins are
over-represented in the sphingolipid-sterol enriched, detergent-
resistant membrane (DRM) prepared from Arabidopsis cells
(Borner et al., 2005; Kierszniowska et al., 2009; Carmona-Salazar
et al., 2011). Proteins with signaling functions, such as receptor
kinases (such the PAMP receptor FLS2), G-proteins, and cal-
cium signaling proteins, were identified as variable members in
plant lipid rafts (Kierszniowska et al., 2009). Following PAMP
(flg22) treatment, there were rapid and profound changes in DRM
protein composition, prominently affecting proton ATPases and
receptor-like kinases, including FLS2 (Keinath et al., 2010). These
observations, coupled with the finding that there is dynamic degra-
dation of FLS2 via endocytosis upon PAMP perception (Robatzek
et al., 2006) suggest that FLS2 and likely other PAMP receptors
functions in plasma membrane microdomains.

The focal accumulation of the barley ROR2 syntaxin and the
MLO protein to the penetration site of the barley epidermal cells
following attack from Blumeria graminis f. sp. hordei (the fun-
gus causing powdery mildew in barley) also suggest that these
proteins are recruited to a pathogen-triggered plasma membrane
microdomains (Bhat et al., 2005). In uninfected barley epider-
mal cells, MLO-YFP and YFP-ROR2 are both found at the plasma
membrane, at 10–14 hpi, these fluorescently tagged proteins inde-
pendently accumulate beneath attempted fungal penetration sites.
Similar focal accumulation was also seen for PEN3, an ABC trans-
porter required for penetration resistance against non-adapted
fungal pathogens (Stein et al., 2006). Given that the ROR2/PEN1
syntaxin is also required for penetration resistance (Collins et al.,
2003; Kwon et al., 2008), the formation of plasma membrane
microdomains may reflect the host defense response that is effec-
tive in halting non-adapted pathogens but overcome by well-
adapted aggressive pathogens. Alternatively, this pattern of focal
accumulation might be part of a process leading to the establish-
ment of a functional domain enabling pathogens’ avoidance from
the host’s immune response and allowing host cell invasion (Bhat
et al., 2005).

Plant intercellular bacterial pathogens may also target host
plasma membrane microdomains for delivery of their effector pro-
teins via endocytosis. Racape et al. (2005) showed that the effector
protein PopA from R. solanacearum had a high affinity for sterols
and sphingolipids in vitro and that it required Ca2+ for both lipid
binding and oligomerization, suggesting that PopA is part of a
system that aims to attach the host cell plasma membrane and to
allow molecules cross this barrier (Racape et al., 2005). In addition,
a recent study showed that remorins (a group of plant-specific pro-
teins implicated in antiviral defense and plant–rhizobium symbio-
sis) may be localized to plasma membrane microdomains whereby
they may serve as scaffold proteins in the lipid rafts during early
signaling events (Jarsch and Ott, 2011).

SPHINGOLIPIDS AND POLARIZED TRAFFICKING IN PLANT
IMMUNITY
The concept of microdomain/lipid raft encompasses two
mechanistically related cell biological events: polarized/targeted
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membrane/protein trafficking and subcompartmentalization of
cellular processes in cell membranes. Like in animals, immune
responses in plants also exhibits obvious polarity. One of the first
subcellular responses of plants upon detection of plant pathogens
in the cell surface is the reorganization and polarization of the
cytoskeleton to the site of attack (Schmelzer, 2002; Hardham
et al., 2007), which likely prepares plant cells for directional trans-
port of antimicrobial chemicals to the infection site. The finding
that NPR1, a central regulatory protein downstream of SA, also
controls the expression of the protein secretory pathway genes
(Wang et al., 2005) is consistent with this notion. The existence
of targeted defense at the subcellular level is more evident in
the case of fungal invasions. A rapid deposition of callose (β-
1,3-glucan) to the fungal penetration site, which leads to the
formation of a papilla (i.e., local cell wall-apposition) has long been
observed during plant–fungal interactions (Aist, 1976; Israel et al.,
1980; Nishimura et al., 2003). Recent identification of membrane
trafficking components including the SYP121–SNARE complex
(Collins et al., 2003; Assaad et al., 2004; Kwon et al., 2008) and
a small GTPase (ARFA1b/1c; Bohlenius et al., 2010) involved in
deposition of callose to papillae demonstrated that there is exten-
sive polarized trafficking in the invaded cell for deposition of
callose and other antimicrobial chemicals to the site of infection.
Specific targeting of the Arabidopsis powdery mildew resistance
protein RPW8.2 to the extrahaustorial membrane (EHM) – the
host–pathogen interface, represents an exquisite targeted mem-
brane/protein trafficking mechanism evolved in plants for defense
against numerous haustorium-forming pathogens including pow-
dery mildew and rust fungi and fungus-like oomycetes (Wang
et al., 2009). It can be expected that more host proteins are
specifically or preferentially targeted to the EHM during the
plant–haustorium interaction. Thus, the finding that RPW8.2 is
specifically targeted to the EHM has the following two general
implications.

First, plants must have evolved an EHM-targeted mem-
brane/protein trafficking pathway for delivering EHM-resident
proteins like RPW8.2 to the EHM. Central to this trafficking
mechanism is probably the formation and sorting of the spe-
cial vesicles carrying the target protein as cargo at the Golgi
apparatus. Studies in yeast and animals indicate that ceramides
are synthesized at the ER and then transferred and converted to
more complex ceramides in the Golgi apparatus where they are
processed further and sorted for transport to their final destina-
tions (Hanada et al., 2003; Klemm et al., 2009). It is thought that
the asymmetric distribution of sphingolipids themselves in vari-
ous membrane subcompartments may be inherently coupled with
the polarity of membrane/protein trafficking (Futerman, 2007).
Whether ceramide and more complex sphingolipids are involved
in RPW8.2 vesicle formation, sorting and trafficking to the EHM
has not been determined. A recent elegant study by Markham
et al. (2011) provided insight into the role of sphingolipids in
polarized protein trafficking. The authors showed that reduction
of VLCFA-ceramide levels by FB1 treatment or genetic deple-
tion of LOH1/LOH3 caused selective aggregation of the plasma
membrane auxin carriers AUX1 and PIN1 in the cytosol, which
correlated with auxin-dependent inhibition of lateral root emer-
gence (Markham et al., 2011). An additional study by Aubert et al.

(2011) detailing the effects of FB1 on the cell morphodynamics
and changes in the polar localization of PIN1 in tobacco BY-2
cells highlights the importance of sphingolipids in cell growth
and establishment of cell polarity in higher plant cells (Aubert
et al., 2011). These findings, together with earlier studies that
VLCFA synthesis is involved in membrane trafficking (particu-
larly polar auxin transport) and developmental patterning (Zheng
et al., 2005; Roudier et al., 2010), strongly suggest that VLCFA-
sphingolipids define a trafficking pathway(s) engaged for polarized
trafficking of the auxin transport protein cargoes (Markham et al.,
2011). Thus it will be interesting to see if VLCFA-sphingolipids are
also required for targeting RPW8.2 to the EHM. Notably, loss of
IPCS2 (in erh1) induced extensive HR-like cell death in plants
expressing RPW8.2 (Wang et al., 2008). It is possible that the
HR-like cell death is caused by less efficient transport of RPW8.2
from the Golgi network to the EHM due to reduction of certain
(G)IPCs species in the Golgi apparatus, resulting in accumula-
tion of defense-competent RPW8.2 in protein aggregates, which
in turn triggers SA-dependent HR-like cell death. Co-localization
of IPCS2 and RPW8.2 (Wang et al., 2008) at the trans-Golgi net-
work (TGN) further suggests that (G)IPCs synthesized by IPCS2
at the Golgi may be recruited to the RPW8.2 vesicles at TGN,
similarly to the situation where SM is synthesized in the Golgi
complex and sorted from the TGN into vesicular carriers for trans-
port to the plasma membrane in animal cells (Shevchenko and
Simons, 2010). Although we did not see obvious reduction of
RPW8.2-YFP’s localization to the EHM in erh1 plants compared
to the wild-type (thus implying functional redundancy among
the three IPCSs), we observed a significant reduction in EHM-
localization for RPW8.2-YFP after FB1 treatment (Zhang and
Xiao, unpublished data). Because the Arabidopsis ipcs1/2 double
mutant is lethal, which suggests an essential function of (G)IPCS
in plant growth and development (Xiao, unpublished data), defin-
itive characterization of a potential role of (G)IPCs in RPW8.2’s
targeting to the EHM requires inducible and/or spatiotemporal
depletion of IPCSs.

The second implication from specific localization of RPW8.2 is
that the membrane and protein composition of the EHM must be
significantly different from the plasma membrane. Indeed, none
of the eight plasma membrane proteins examined in Arabidopsis
cells containing the fungal haustorium was found at the EHM
(Koh et al., 2005). One possibility is that the EHM may con-
tain a different set of selected species of sphingolipids, which is
required for the formation of microdomains for accommodating
defense proteins such as RPW8.2 for onsite activation of defenses
including ROS production (Wang et al., 2009). Our observation
that initial EHM-targeted RPW8.2-YFP is found in punctate spots
at the EHM supports this possibility (Figure 3). In this regard,
it is interesting to note that a tobacco NADPH oxidase sub-
unit NtrbohD has been shown to present in the DRM fraction
enriched for lipid rafts (Lherminier et al., 2009), suggesting that
the NADPH oxidase protein complex may localize to membrane
microdomains. Equally possible is that pathogens (haustoria) may
modify and exploit the special features of the EHM to send
their effector proteins across the interface. Recent exciting find-
ings from the Tyler group showed that RxLR-containing effectors
from oomycete pathogens bind phosphatidylinositol 3-phosphate
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FIGURE 3 | RPW8.2 may be targeted to and function at microdomains

of the extrahaustorial membrane (EHM) in Arabidopsis. A confocal
image from a Z-stack projection showing that RPW8.2:YFP (green) is
initially found in discrete punctate spots in the EHM at ∼18 h after
inoculation with powdery mildew before forming a relatively more
homogenous distribution in the next 4–6 h (Wang et al., 2009). The fungal
structure and the host plasma membrane are stained red by propidium
iodide. H, haustorium; A, appressorium.

(PI3P) for host entry (Kale et al., 2010). Because phosphoinosi-
tides are known to be present in lipid rafts as signaling molecules
(Allen et al., 2007; Vieira et al., 2010), it can be hypothesized that
PI3P is enriched in the extracellular leaflet of the EHM, possibly
in microdomains, and binding of PI3P anchors RxLR-effectors to
the EHM and the effectors then enter the host cell via endocy-
tosis. In animals, various types of intracellular pathogens exploit
the sphingolipids and/or other components in the host cell mem-
brane microdomains for host cell entry and establishment of a
protected niche within the host (Hartlova et al., 2010; van Der
Meer-Janssen et al., 2010). Thus it seems likely that sphingolipids-
enriched lipid rafts may provide nanoscale microdomains in the
plant–pathogen interfacial membrane for host defense as well as
effector entry. Because polarized/targeted trafficking also occur at
the interfacial membrane between legume–rhizobium and plant–
mycorrhiza during their symbiotic interactions (Pumplin and
Harrison, 2009; Wang et al., 2010), similar situations may occur in
these interfaces.

CONCLUSION AND FUTURE PERSPECTIVE
Putting all discussed together, we propose in Figure 4 three major
potential mechanistic connections between sphingolipid and plant
PCD and defense: (i) bioactive LCBs and ceramides function

as signaling molecules in the activation of defense-related PCD;
(ii) sphingolipids as organizing/signaling elements regulate polar-
ized/targeted membrane trafficking involved in defense; and (iii)
sphingolipids provide structural support for the formation of
membrane microdomains where immunity proteins may assemble
and function.

It is necessary to point out that despite the extensive genetic
and biochemical evidence for the “death” connection, whether
SPI-PCD is a more mechanistic equivalent of HR requires fur-
ther investigation. In addition, while it is clear that SPI-PCD
is exploited by necrotrophic fungal pathogens for pathogene-
sis, given that SPI-PCD (and HR) can be separable from resis-
tance, whether SPI-PCD (and HR) plays a role in resistance
to (hemi)biotrophic pathogens also remains to be determined.
If HR is simply an unavoidable consequence of the escalated
inter-organismal warfare in which antimicrobial chemicals reach
a level that is lethal to both the enemy and self (Wang et al.,
2008; Coll et al., 2011), then SPI-PCD may partly reflect the
biochemical/biophysical nature of HR – that is, the perturba-
tion or dysfunction of sphingolipid metabolism. On the other
hand, research on immunity-related membrane trafficking and
subcompartmentalization is currently at its early stage. Defini-
tive genetic, biochemical, and cell biological evidence is awaited to
establish the roles of sphingolipids in these processes. Thus, despite
the prominent “death” connection, how sphingolipids and sphin-
golipid metabolism are involved in plant defense remains largely
obscure.

Future work should be focused on the following questions
to gain a better understanding of the physiological functions of
sphingolipids in plant innate immunity. Is accumulation of bioac-
tive sphingolipids the bona fide death signal for HR in ETI? If so,
how does plant–pathogen recognition lead to accumulation of the
bioactive sphingolipids and how is this step connected to SA signal-
ing? Besides MPK6 as a potential direct protein target, what other
proteins are directly regulated by the bioactive sphingolipids for
activation of cell death? Do sphingolipids play a role in regulating
defense protein secretion and targeting during plant defense? If so,
what are the key sphingolipid species involved? If there truly exist
defense-related microdomains in the plasma membrane and host–
pathogen interfacial membranes such as the EHM, how do they
form and what are the major sphingolipid and protein components
of the microdomains? Apparently, a combinatory genetic, bio-
chemical, and cell biological approach needs to be taken to address
these challenging questions. For example, more targeted genetic
screens are needed to identify additional components regulating
both SPI-PCD and HR, and more powerful analytical technologies
such as infrared spectrometry, high-performance liquid chro-
matography, and mass spectrometry are needed to systemically
investigate the changes of the sphingolipidome during PTI and ETI
in wild-type and various immune-compromised mutant plants.
Finally, non-invasive cell biological tools are needed to determine
the spatiotemporal dynamics of key sphingolipids in transport
vesicles as well as in the plasma membrane during plant–pathogen
interaction. In this regard, Kraut and colleagues recently made a
fluorescent sphingolipid binding domain (SBD) peptide probe to
track intracellular movements of sphingolipids in living neuronal
cells. They demonstrated that fluorescently tagged SBD can be
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FIGURE 4 | A cartoon summarizing the major connections between

sphingolipids and plant immunity. (i) PAMP-triggered immunity (PTI)
involves a MAPK signaling module; MPK6 as a component of PTI is targeted
by a pathogen effector HopA1 presumably for suppressing PTI. (ii)
Effector-triggered immunity may involve accumulation of sphingoid
long-chain bases (LCBs; t18:0 in particular) from de novo synthesis as an
early signaling step upstream of SA. (iii) MPK6 is a potential direct protein
target of LCBs; Upon activation by LCBs, MPK6 functions to promote
SA-dependent HR and defense against (hemi)-biotrophic pathogens, thereby
bridging up ETI and PTI. (iv) Some necrotrophic pathogens secrete toxin
AAL or FB1 to inhibit (VLCFA-)ceramide synthesis and cause accumulation
of LCBs, which in turn may activate MPK6, resulting in plant PCD for the
benefit of the pathogens. (v) Ceramides are synthesized at the ER, and

transferred to the Golgi apparatus where they are converted to
inositol-phosphorylceramides (IPCs), and/or more complex
glycosphingolipids. Ceramide accumulation due to acd5 and erh1 mutations
results in SA-dependent PCD, suggesting ceramides are essential signaling
molecules for PCD. (vi) Glycosphingolipids (especially those containing
VLCFAs) are sorted at the trans-Golgi into transport vesicles carrying
relevant immune protein cargos (the FLS2 PAMP receptor and the RPW8
resistance protein as examples) to regulate specific targeting of cargos to
specific cell membranes (the plasma membrane and the extrahaustorial
membrane, respectively, in these two cases). (vi) Glycosphingolipids
increase the molecular ordering of the cell membrane, forming
microdomains (lipid rafts) that constitute lateral functional clusters in the cell
membrane where plant immunity proteins may reside and function.

used to investigate the dynamic nature of glycosphingolipid-rich,
detergent-resistant microdomains (Hebbar et al., 2008; Steinert
et al., 2008). Development and application of such SBD biosen-
sors in plants will be very useful for examining the dynamic

spatiotemporal distribution of sphingolipids in cell membranes
and investigating how sphingolipids participate in membrane bio-
genesis, microdomain formation, and polarized protein trafficking
in relation to plant defense.
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Plants are sessile and cannot move to appropriate hiding places or feeding grounds
to escape adverse conditions. As a consequence, they evolved mechanisms to detect
changes in their environment, communicate these to different organs, and adjust develop-
ment accordingly. These adaptations include two long-distance transport systems which
are essential in plants: the xylem and the phloem.The phloem serves as a major trafficking
pathway for assimilates, viruses, RNA, plant hormones, metabolites, and proteins with
functions ranging from synthesis to metabolism to signaling. The study of signaling com-
pounds within the phloem is essential for our understanding of plant communication of
environmental cues. Determining the nature of signals and the mechanisms by which they
are communicated through the phloem will lead to a more complete understanding of plant
development and plant responses to stress. In our analysis of Arabidopsis phloem exu-
dates, we had identified several lipid-binding proteins as well as fatty acids and lipids. The
latter are not typically expected in the aqueous environment of sieve elements. Hence, lipid
transport in the phloem has been given little attention until now. Long-distance transport
of hydrophobic compounds in an aqueous system is not without precedence in biological
systems: a variety of lipids is found in human blood and is often bound to proteins. Some
lipid–protein complexes are transported to other tissues for storage, use, modification, or
degradation; others serve as messengers and modulate transcription factor activity. By
simple analogy it raises the possibility that lipids and the respective lipid-binding proteins
in the phloem serve similar functions in plants and play an important role in stress and
developmental signaling. Here, we introduce the lipid-binding proteins and the lipids we
found in the phloem and discuss the possibility that they may play an important role in
developmental and stress signaling.

Keywords: long-distance lipid signaling, phloem, lipid-binding proteins

PHLOEM CONTENTS, STRUCTURE, AND FUNCTION
Plants contain two long-distance transport systems: the xylem for
water and nutrient transport, and the phloem. During the last
10–15 years, the view of the phloem function has changed from
that of simple assimilate transport to a trafficking system for stress
signals and developmental regulators (Citovsky and Zambryski,
2000; Wu et al., 2003; Ding et al., 2003; Haywood et al., 2005).
It is now accepted that the phloem is a conduit system which is
crucial for the transport of mineral nutrients, plant viruses, virus-
induced silencing, defense against pathogen infection, and sig-
naling of environmental conditions, and developmental changes
(Lucas et al., 1995; Ryabov et al., 1999; Burton et al., 2000; Seo et al.,
2001; Yoo et al., 2004; Suárez-López, 2005; Kehr, 2006; Lough and
Lucas, 2006). It contains small molecules (Chen et al., 2001; Corbe-
sier et al., 2003; Maeda et al., 2006), peptides and proteins (Fisher
et al., 1992; Sakuth et al., 1993; Schobert et al., 1995; Kühn et al.,
1997; Marentes and Grusak, 1998; Kehr et al., 1999; Xoconostle-
Cazares et al., 1999; Haebel and Kehr, 2001; Hoffmann-Benning
et al., 2002; Giavalisco et al., 2006; Lin et al., 2009), nucleic acids
(Kühn et al., 1997; Ruiz-Medrano et al., 1999; Yoo et al., 2004;
Haywood et al., 2005), and lipids (Madey et al., 2002; Guelette

et al., 2007, 2012). Furthermore, phloem transport is likely a regu-
lated process, dependent on interactions between several proteins
or RNA and proteins (Xoconostle-Cazares et al., 1999; Aoki et al.,
2002, 2005; Yoo et al., 2004; Lee et al., 2005; Kehr and Butz, 2008;
Ham et al., 2009). Phloem movement occurs in the sieve elements,
which have evolved to optimize longitudinal flow by removing any
obstacles in the form of organelles and by increasing the porosity
of the cell walls at the longitudinal ends (van Bel and Knoblauch,
2000). While sieve elements may still contain nuclei, vacuole, and
organelles during their early development, those cell components
disintegrate leaving the sieve elements with only the plasma mem-
brane and a thin cytoplasm containing endoplasmic reticulum,
phloem-specific plastids, and a few, often dilated, mitochondria
(Shah and Jacob, 1969; Cronshaw, 1981; Behnke and Schulz, 1983;
Behnke, 1991; van Bel and Knoblauch, 2000). As a result, it had
long been assumed that most sieve-tube proteins are synthesized
in the companion cells and transported into the sieve elements via
plasmodesmata. However, recent findings of ribosome subunits in
sieve-tube elements have reopened the debate on whether a func-
tional protein synthesis machinery exists in the sieve elements
(Raven, 1991; Hayashi et al., 2000; Lin et al., 2009).
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LIPIDS IN THE PHLOEM
While the role of RNA, viruses, and many proteins in the phloem
is extensively studied, lipophilic compounds were not expected in
an aqueous environment like the phloem sap. Consequently, long-
distance lipid transport or signaling has been given little attention
until now. Yet, lipids ranging in complexity from simple lipids like
Jasmonic acid (JA) to phytosterols, to more complex glycolipids
have been described in the phloem of canola, Perilla, Arabidopsis,
cabbage, tomato, and tobacco among others (Madey et al., 2002;
Guelette et al., 2007, 2012; Behmer et al., 2011).

Lipids like oxylipins are synthesized in response to pathogen
attack and act as messengers during systemic acquired resistance.
One well studied example is the fatty acid derivative jasmonic acid
(JA), an oxylipin, which has been shown to be transported in the
phloem in response to pathogen infection (Schilmiller and Howe,
2005; Lough and Lucas, 2006; Thorpe et al., 2007; Truman et al.,
2007). It may act via a non-autonomous (slow; phloem-mediated)
and an autonomous (fast; possible electric or hydraulic signal; see
Koo and Howe, 2009) pathway. Three enzymes which are essential
for JA biosynthesis (allene oxide synthase, allene oxide cyclase, and
lipoxygenase) are also present in sieve elements, indicating that its
synthesis occurs, at least in part, within the sieve elements (Hause
et al., 2003).

Recently, Behmer et al. (2011) suggested the presence of phy-
tosteroids and cholesterol in the phloem sap. Thus far their role
remains unknown.

Additional experiments have shown that canola phloem sap not
only contains lipid droplets, but that the fatty acid composition of
these lipids is distinct from those typically found in membranes
(Madey et al., 2002) and includes short- and medium-chain as well
as odd-carbon-number fatty acids. This suggests that lipids are not
only present in the phloem but also that they are phloem-specific
rather than membrane degradation products.

Our analysis of phloem exudates harvested from 6-week-old
Arabidopsis thaliana (Guelette et al., 2012; see Materials and
Methods in Appendix and 8-week-old Perilla crispa, Hoffmann-
Benning et al., 2002) revealed the presence of lipids (Guelette et al.,
2007, 2012), several of which were unusual due to their shortness
or odd number of carbons (propanoic acid, nonanoic acid, dode-
canoic acid, tetradecanoic acid, pentadecanoic acid). Saturated,
even-numbered fatty acids make up 10–40% of the total fatty
acids in most naturally occurring lipids. Fatty acyl groups of less
than 16 carbons or odd-carbon-number are not typically present
in plant membranes and, thus, these fatty acids appear to be spe-
cific to the plant phloem. Yet their function remains unknown.
Though they could simply be transported in the phloem, a role
in pathogen response, or signaling has been discussed in the lit-
erature (Sanz et al., 1998; Hamberg et al., 1999). We showed that
these fatty acids are intrinsic to phloem exudates and suggest that
they are either transported in the phloem as one form of photoas-
similate and cell building blocks destined for sink tissues or, more
likely, as developmental signals. The question is: are there more
complex lipids in the plant phloem and could they also play a role
in long-distance signaling?

Thin-layer chromatography confirmed the presence of polar
lipids in the phloem exudate, several of which have retention
times different from typical leaf/membrane lipids. This suggests

that they are indeed not contaminants but may instead perform
separate functions. LC–MS was used to confirm the occurrence of
lipids and other hydrophobic compounds in exudates. Mass over
charge-based characterization of ions in conjunction with detec-
tion of at least two predicted MS/MS fragments using lipid profiler
and alternative manual interpretation of mass spectra suggests
the presence of species of phosphatidic acid (PA), lysophospha-
tidic acid (LPA), phosphatidylglycerol, phosphatidylinositol (PI)
plus its phosphates (PIPs), di- and triacylglycerols, and phos-
phatidylcholine (PC) in the phloem exudates (Guelette et al.,
2012).

Inositol-3-phosphate and PIP2 are important second messen-
gers in animals as well as in plants (Ananieva and Gillaspy, 2009;
Munnik and Vermeer, 2010); in plants phophatidic acid (PA) and
lysophosphatidic acid (LPA) also appear to play an important role
(Wang, 2004; Katagiri et al., 2005; Munnik and Testerink, 2009).
PA has been proposed to be involved in intracellular abscisic acid
(ABA), wound, and pathogen-related signaling/response (Katagiri
et al., 2005; Testerink and Munnik, 2005; Lee and Lee, 2008). So
far, there is no evidence about their long-distance transport and
action, which could potentially be via the phloem as representa-
tives of all three lipid groups (PIPs, PA, LPA) were identified in our
preliminary characterization of phloem lipids.

A second lipid group we identified were phosphatidyl cholines
(PC). In addition to their function as membrane components, PCs
may play a role in signaling through the generation of diacylglyc-
erols by PC-specific phospholipases. The resulting diacylglycerols
would be more saturated and have different activities compared to
PI-derived diacylglycerols. It has been suggested that PC may play
a role in intracellular signaling in prokaryotes, humans, and pos-
sibly even plants (Hunt, 2006). Our findings raise the possibility
that phloem lipids could play a similar role in plant long-distance
signaling.

EXAMPLES OF LONG-DISTANCE LIPID TRANSPORT AND
SIGNALING IN OTHER BIOLOGICAL SYSTEMS
The presence of hydrophobic compounds in an aqueous system
like the sieve elements, though unusual, is not unheard of in bio-
logical systems: other aqueous biological systems like the human
blood contain a variety of lipids, many of which play a crucial role
in human health. They are typically bound to proteins which can
serve multiple functions such as transport to other tissues for stor-
age, use, modification, or degradation. The best-known example
would be the lipid cholesterol. It is either bound to low-density
lipoproteins (LDL) and transported throughout the bloodstream
for uptake into cells and incorporation into membranes; or it is
bound to high-density lipoproteins (HDL) or within chylomi-
crons and moved to the liver for degradation (for a summary
see Nelson and Cox, 2008). Thus, the nature of the protein to
which the lipid is bound not only determines its direction of
transport but also its fate. Other proteins transport essential vit-
amins or play a role in signaling (Blaner, 1989; Glatz et al., 1995;
Charbonneau et al., 2009). In several cases lipid–protein com-
plexes serve as messengers and affect transcription factor activity
(Tontonoz et al., 1994; Nagy and Szanto, 2005). These mecha-
nisms are generally important in mammalian systems but their
possible importance in plants is virtually unexplored. They raise
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the possibility that lipids and the respective lipid-binding pro-
teins in the phloem serve similar functions in plants and play
an important role in stress and developmental signaling. Many
lipids (phosphatidic acid, phosphoinositides) are already known
to function as second messengers. However, virtually nothing is
known about their possible long-distance transport. It is conceiv-
able that these lipids are transported in the phloem in the form
of protein–lipid complexes. This mechanism of lipid signaling in
the plant through phloem transport is a new area of research
which is expected to contribute new concepts to plant develop-
ment. We hypothesize that plant phloem lipids are bound to and
transported by lipid-binding proteins using mechanisms similar
to those in the human blood. Consequently plant phloem lipid–
protein complexes may have regulatory and transport functions
similar to those in mammals and may play an important role in
stress related and developmental signaling beyond what is already
known about hormones like JA. The question remains: Are there
any phloem proteins which bind lipids and could serve as good
candidates for this function?

PUTATIVE LIPID-BINDING PROTEINS IN THE PHLOEM AND
THEIR POSSIBLE FUNCTION IN RELATION TO SIGNALING
Lipid-binding proteins in the phloem could have several roles:

(i) they could mediate the release of the lipid into sieve element
either by participating in the transport of lipids into the sieve
element or in its release from the membrane,

(ii) they could bind specific phloem lipids, thus facilitating
their solubilization in the exudate as well as their (targeted)
transport,

(iii) they could be part of a receptor which senses the lipid
(-signal) and transfers it out of the sieve element, or,

(iv) the protein could be the signal itself, with its activity
modulated by the bound lipid.

These possibilities remain to be tested, however, three known
examples of phloem lipid-binding proteins and predictions based
on homologies to known proteins support these options.

While many lipid-binding proteins have been identified in dif-
ferent plant species, only three have previously been described in
phloem exudates: DIR1, a lipid transfer protein (LTP) was shown
to play a role in systemic acquired resistance in Arabidopsis and
tomato (Maldonado et al., 2002; Mitton et al., 2009). Similarly, an
Acyl-CoA-binding protein has been identified in phloem exudates
from rice (Suzui et al., 2006). However, as of yet, no connection
has been made to phloem lipids. Representatives of both protein
classes have been found in the phloem as well as in other plant tis-
sues like the leaves. In both cases, the mechanism of their function
in the phloem remains unknown. A third example of a predicted
lipid-binding protein in the phloem is Flowering locus t (FT).
It belongs to the family of Phosphatidylethanolamine-binding
proteins (PEBPs), which also have a low affinity for Phosphatidyli-
nositol1. In animals, PEBPs play a role in neuronal development,
Alzheimer’s disease, and in the regulation of signaling pathways

1http://www.nextprot.org

like the MAP kinase pathway (Vallée et al., 2003; Zhao et al., 2011).
The PEBP homolog in the plant Antirrhinum appears to play a
role as a kinase regulator (Banfield and Brady, 2000). Whether FT
functions in a similar fashion and what its lipid-binding partners
are remains to be shown (Kikuchi et al., 2009; Danilevskaya et al.,
2011; Karlgren et al., 2011).

In our analysis of Arabidopsis phloem exudates we were able
to detect 14 putative lipid-binding proteins, 10 of which have
characteristics which could allow a function in lipid-based long-
distance signaling and are discussed below. Expression in the
phloem/companion cells for all but two of them has been shown
(Table 1; Mustroph et al., 2009; Guelette et al., 2012).

Two of the proteins identified in our phloem exudates are
characterized as lipases. Proteins are often included in that cat-
egory based on sequence similarity with known lipases. Lipases
are lipolytic enzymes which can function in membrane synthesis
and turnover or in signaling (Beisson et al., 2003). Lipases have
been implicated in salicylic acid signaling (Feys et al., 2001) and
wound response (Guan and Nothnagel, 2004). The first lipase-like
protein (At4g16820) is annotated as a phospholipase A (PLA-Iβ2),
a triacylglycerol lipase or DAD1-like acyl hydrolase. It acts in a
redundant manner together with other lipases in salt stress as well
as in wound and pathogen-induced production of Jasmonic acid
(Beisson et al., 2003; Ellinger and Kubigsteltig, 2010; Ellinger et al.,
2010)2. It contains one transmembrane domain suggesting that it
is anchored in the membrane. Thus, rather than participating in
long-distance transport of (signaling) lipids, it may assist in the
release of those lipids into the sieve element.

The second lipase-like protein, At1g29660 is annotated as a
GDSL lipase/fatty acyl transferase. It has been found in the nucleus,
ER, peroxisomes, and extracellular space and appears to be reduced
in response to drought (Huang et al., 2008; Ding et al., 2009). Its
function is unknown and may range from hydrolysis of triacyl-
glycerols to the fatty acid transfer between phosphatidylcholine
and sterols (cd01846)3. As for the DAD1-like lipase, the exact
enzymatic/lipolytic activity has yet to be characterized.

The phloem exudate also contains an aspartic protease. Some
aspartic proteases have the ability to cleave membrane proteins.
Their activity can sometimes be modulated by association with
certain membrane lipids. It has been proposed that apoplastic
aspartic proteases may cleave lipids off acyl-CoA-binding proteins
to act (in conjunction with DIR1) in pathogen response/signaling
(Xiao and Chye, 2011). Hence it appears more likely that they
serve in a localized process, for example in the release of lipids for
binding to DIR1 rather than in long-distance transport.

GRP17 has previously been identified in Arabidopsis pollen and
in seeds (Mayfield et al., 2001). It contains an oleosin domain. The
role of oleosins in the seed is to prevent lipid aggregation and con-
trol oil-body size (Mayfield and Preuss, 2000). It is conceivable that
it plays a similar role in the phloem sap, functioning to solubilize
lipids in an otherwise aqueous environment.

Another of the proteins in phloem exudates is the sub-
unit P of a phosphatidylinositol N -acetylglucosaminyltransferase

2http://www.ncbi.nlm.nih.gov
3http://www.ncbi.nlm.nih.gov/Structure/
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Table 1 | Lipid-binding proteins identified in Arabidopsis thaliana phloem exudates.

Identified proteins Accession number MW (kDa) mRNA in CCs Tryptic fragments

Lipase class 3 family protein At4g16820 58 No VPGIFADNDK

VDMKMSPYLK

Aspartic protease At4g04460 56 Yes LNDENADMVPLK

Glycine-rich protein (oleosin) GRP17 At5g07530 53 Yes KKKCMSGGMSGSEEGMSGSEGGMSSGGGSK

DNPPPAGLPPNSGAGAGGAQSLIKKSK

KSMSGGMSGSEEGMSGSEGGMSSGGGSK

Put. PIG-P At2g39435 50 No YDQQNFKSK

GDSL motiv Lipase/hydrolase At1g29660 40 Yes ITFSGQVENYK

Annexin* At1g35720 36 Yes TGTDEGALTR

YGDDHGEEILK

TLDKELSNDFER

TSTQLLHAR

14-3-3-like protein GF14 epsilon psi At1g22300 28 Yes ILSSIEQK

At2g10450 9 DSTLIMQLLP

DSTLIMKILR

Lipid-associated family protein At4g39730 20 Yes IYDKDGDYIGIK

Major latex protein/Bet v I like protein* At1g70890 18 Yes SFAFTLQVTPK

VLEGDLMNEYK

NKIEAVDPEK

IEAVDPEK

EIDEHLLAEE

Bet v 1 allergen-like protein At1g23130 18 Yes ERIEAVDQEK

VGSVIFWNYAIDGQPK

Proteins marked with an asterisk have previously been identified in phloem exudates. Data were extracted from Guelette et al. (2012); occurrence of mRNAs in

companion cells (CC) is based on findings by Mustroph et al. (2009).

(PIG-P), which catalyzes the transfer of N -acetyl glucosamine to
phosphatidyl inositol in the first step of the glycosylphosphatidyli-
nositol (GPI)-anchor synthesis. GPI anchors are glycolipids which
anchor proteins to membranes (Watanabe et al., 2000). In ani-
mals, GPI anchors may interact directly with receptor proteins in
the signaling of neural and brain development (Peles et al., 1997;
Ferrando-Miguel et al., 2004). Only few GPI-anchored proteins
have been found in plants. They include arabinogalactan proteins
(AGPs), which have been shown to contain a classical C-terminal
GPI anchor signal sequence (Schultz et al., 1998): upon synthe-
sis in the ER they are secreted into the apoplast, where the AGPs
could be cleaved by phospholipases and act as signal molecules.
It is possible that GPI-anchored proteins participate in cell-to-cell
or even long-distance interactions.

Annexins have been shown to bind phospholipids/membranes
and are involved in Ca2+-signaling as well as callose formation
(Andrawis et al., 1993; Mortimer et al., 2008). Expression of Ara-
bidopsis annexin 1 is upregulated in response to salt and water
stress as well as salicylic acid and ABA (Konopka-Postupolska
et al., 2009). Similarly, a Medicago truncatula annexin-like pro-
tein AnxMs2 is induced under stress conditions (salt, osmotic,
drought) and localizes in the nucleolus even though it contains no
typical nuclear localization signal. This suggests that it could play
a role in membrane trafficking and intracellular signal transduc-
tion (Kovács et al., 1998). Annexin transcript levels vary depend-
ing on tissue type and age, suggesting specific purposes during
different developmental stages. They possibly play a role in tip

growth, gravitropic response, mechanical stress, Ca2+-signaling
as well as callose formation and cold, oxidative, saline, and ABA
stress responses (Andrawis et al., 1993; Mortimer et al., 2008).
Plant annexins have been identified in the plant phloem before
(Barnes et al., 2004; Giavalisco et al., 2006). Yet their role in long-
distance transport is not clear. It is conceivable that they function
in phospholipid-based long-distance signaling processes.

14-3-3 proteins are small conserved proteins, which play an
important role in regulatory processes and signal transduction.
In animal systems, free Raf kinases appear to be bound to 14-3-3
proteins, however, once they bind to liposomes/membranes, the
14-3-3 protein dissociates (Hekman et al., 2006). This suggests
that 14-3-3 proteins may modulate binding of proteins to lipids.
In plants they activate transcription by binding to activators in
the nucleus (Ferl, 1996; Fu et al., 2000; Emi et al., 2001). Taoka
et al. (2011) have shown that they can act as receptors for rice
Hd3a. Hd3a is the rice homolog to FT, a putative phosphatidyl
ethanolamine-binding protein (PEBP) which travels in sieve ele-
ments and is essential for the induction of flowering (Corbesier
et al., 2007; Lin et al., 2007; Tamaki et al., 2007). Many PEBPs act as
kinase regulators in signaling pathways in both animals and plants
(Banfield and Brady, 2000; Zhao et al., 2011). This suggests that
rather than transporting lipids/lipid signals 14-3-3 proteins may
act as receptors for lipid/protein signals.

The major latex protein-like protein and the Bet v 1 allergen-
like protein belong to the Bet v 1 like superfamily. Members of
this superfamily can be major plant allergens but also play a role
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in the response to biotic and abiotic stress and in development
(Mogensen et al., 2002). The Bet v 1 superfamily contains proteins
with low sequence similarity but a common hydrophobic fold. This
fold has high structural similarity with the cholesterol-binding fold
of the human MLN64 protein suggesting the possibility of a role
in phytosteroid transport (Neudecker et al., 2001). Members of
this superfamily include ceramide transfer proteins, phosphatidyl-
choline transfer proteins, phosphatidyinositol transfer proteins,
acetyl-CoA hydrolases, and HD-Zip transcription factors from
plants (Ariel et al., 2007; Radauer et al., 2008). The discovery of
representatives of the proteins in phloem exudates suggests that
they may not just play a role in transmembrane lipid transport
but in long-distance lipid transport and signaling as well. While
their lipid-partners remain to be identified it is intriguing that
phosphatidylcholine and phosphatidylinositol transfer proteins
belong into this group of proteins while the respective lipids are
also present in phloem exudates.

One of the smallest putative lipid-binding proteins we iden-
tified in phloem exudates is a hypothetical protein character-
ized as a lipid-associated family protein (PLAFP). It contains
a PLAT/LH2 domain. The proposed function of this domain
is to mediate interaction with lipids or membrane-bound pro-
teins. While the function of this domain is yet unknown, proteins
containing it appear to be stress-induced. To examine the lipid-
binding properties of PLAFP, we cloned PLAFP into the pET15b
expression vector (Novagen) and overexpressed it in E. coli host
strain OrigamiB(DE3)pLysS (Novagen; see Appendix). The pro-
tein was purified and lipid-binding assessed using lipid overlay and
lysosome-binding assays (Figure 1; Awai et al., 2006; Lu and Ben-
ning, 2009; see Appendix). Both tests showed that PLAFP binds
phosphatidic acid (PA) but not the other tested phospholipids.

This is the first example where a phloem lipid-binding pro-
tein (PLAFP), and its respective lipid partner (PA) have both been
found within phloem exudates and suggests that PA is indeed
transported within or into the phloem while bound to a protein.
Whether the function of this protein is that of loading/unloading
the lipid into and out of the phloem, as a receptor or as a transport
molecule, and whether it has a true signaling function remains to
be shown.

Our detection of these lipids and a lipid-binding protein
with specific PA-binding properties suggests that lipids and long-
distance lipid signaling may play a larger and more complex role
in the plant than previously thought and should be explored.

CONCLUSION
We and others have been able to detect several fatty acids and lipids
in phloem exudates, some of which are known factors in intracel-
lular signaling (PA, PIP, and PC). In addition, we find proteins
with the predicted, or in some cases known, ability to bind and

FIGURE 1 | Lipid-binding assays. (A) Protein–lipid overlay assay using
purified PLAFP. Ten nanomole of selected phospholipids were spotted on a
hybond-C membrane and overlaid it with 1 μl/ml purified PLAFP. PE,
phosphatidyl ethanolamine; PA, phosphatidic acid; PC, phosphatidyl
choline; PS, phosphatidyl serine; PG, phosphatidyl glycerol; PI, phosphatidyl
inositol. (B) Liposome binding assay using purified PLAFP. Liposomes were
prepared from PC, PA, or PC:PA (1:1, w/w). Bound protein was detected by
antibody against the His-tag.

transport these lipids and with a role in intracellular signaling
(i.e., Annexin; Andrawis et al., 1993).

Together, this suggests that phloem lipids may not only be
involved in intracellular signaling but also play an important role
in long-distance lipid signaling. We postulate that the lipids may
be released, possibly from membranes, in response to an environ-
mental stimulus (lipases, aspartic protease) followed by transport
(PLAFP, annexin, Bet v 1-like proteins) into and throughout the
phloem and binding to a receptor at the target tissue (PLAFP,
14-3-3 proteins).

It is clear that even though lipids and lipid-binding proteins
in the phloem have been studied very little, those that have been
studied in other plant tissues, have a significant impact in sig-
naling. However, the mechanisms of lipid uptake, translocation,
and action are largely unknown suggesting that this aspect of
phloem transport needs to be studied further. Lipid signaling in
the plant through phloem transport is a new area of research which
is expected to contribute new concepts to plant development.
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APPENDIX
MATERIALS AND METHODS
Harvest of phloem exudate
Phloem exudate from 6-week-old Arabidopsis plants using the
EDTA-facilitated method described in Guelette et al. (2012). In
short, leaves were cut at the base of petiole under 20 mM K2-
EDTA, pH 7.0, and incubated in microtubes containing 1.2 ml of
the same solution for 1 h. After 1 h the solution was discarded. The
petioles were washed thoroughly and placed in a new microtube
containing 1.2 ml deionized water. Exudates were collected for 6–
8 h in a dark, humid atmosphere, immediately frozen in liquid
nitrogen, lyophilized, and stored at −80˚C.

Analysis of proteins in the phloem exudates
Phloem exudates from 20 leaves per replicate (three repli-
cates total) were subjected to 15% SDS-polyacrylamide gel elec-
trophoresis. Protein bands were excised and digested with trypsin
according to Shevchenko et al. (1996). For liquid chromatogra-
phy/mass spectrometry (LC–MS/MS) tryptic fragments were dis-
solved in 2% ACN/0.1% formic acid. Analysis was performed on a
Capillary LC system (Waters Corp., Milford, MA, USA) coupled to
a LCQ DECA ion trap mass spectrometer (Thermofinnigan, San
Jose, CA, USA) equipped with a nanospray ionization source. The
sample was trapped onto a Peptide Cap Trap (Michrom BioRe-
sources, Auburn, CA, USA) and flushed onto a 5 cm × 75 μm
ID picofrit column packed with 5 μm ProteoPep C18 material
(New Objective, Woburn, MA, USA), and eluted with a gradient
of 2–95% ACN in 0.1% formic acid at a flow rate of 200 nl/min
for 60 min. Peptides/proteins were identified using the programs
SEQUEST, MASCOT, or gpm.org. Carbamidomethyl Cys was set
as fixed modification and oxidation of Met was allowed. Up to two
missed tryptic sites were permitted. Peptide tolerance was set to
2.5 Da and MS/MS tolerance was set to 0.8 Da. Positive identifica-
tion required at least two unique peptides per proteins counting
only peptides with significant scores (95% confidence per peptide;
>2.5 for SEQUEST). Three proteins with a single peptide identifi-
cation were included due to the fact that their mass corresponded
to the predicted size from the gel and they were seen in at least
two independent preparations. Database searches using individ-
ual tryptic fragments were performed using the BLAST searches
at NCBI (http://www.ncbi.nlm.nih.gov/blast).

Analysis of lipids in phloem exudates
Phloem exudates were phase partitioned against chloro-
form:methanol (1:1, v/v), concentrated under N2 and submit-
ted to LC–MS. Lipid analysis was performed using a Waters
LCT Premier mass spectrometer (LC-TOF–MS) with multiplexed
CID (collision-induced dissociation at 20, 35, 50, 65, and 80 V)
and a gradient from 10% A (10 mM Ammonium formate) to
99% B (acetonitrile:isopropanol; 1:2) on the column described
above using both positive and negative ion mode. Data are
representatives of three biological replicates.

Protein expression and purification
A cDNA clone for PLAFP (At4g39730), U21720, was obtained
from Arabidopsis Biological Resource Centre, Ohio State Uni-
versity (Columbus, OH, USA). The coding region of PLAFP,

excluding 69 nucleotide region encoding the 23 amino-acid pre-
dicted signal peptide, was PCR amplified using the forward
primer, 5′-GCGCATATGGAAGATGATCCAGACTGTGTATACA-
3′ and reverse primer,5′-GCGCATATGTTAAACGACCCAAGAAA
GCTTTTTCCG-3′ which introduced NdeI sites at both ends of
the PCR product. The PCR product was cloned into pGEMT-
easy vector (Promega), and subcloned into pET15b expression
vector (Novagen) using NdeI site, to generate the expression
clone, pET15b-PLAFP. E. coli host strain OrigamiB(DE3)pLysS
(Novagen) was transformed with pET15b-PLAFP and the trans-
formants were selected by Amp, Kan, Cm, and Tet resistance.
Protein expression was induced by adding IPTG up to the final
concentration of 0.5 mM. Protein was extracted and purified using
the HisLink™resin (Promega) using the HEPES buffers containing
different concentrations of imidazole, following the manufac-
turer’s protocol. Purification steps are shown in Figure A1 below.
The purified protein was exchanged into 10 mM KH2PO4 (Lu and
Benning, 2009) using a PD10 column (GE healthcare).

PROTEIN–LIPID OVERLAY ASSAY
A phospholipid strip was prepared by spotting 10 nmol of different
phospholipids (Avanti Polar Lipids) onto a Hybond-C membrane
(GE Healthcare). Protein–lipid overlay assay was performed as
described (Awai et al., 2006). The lipid strip was blocked with
the blocking buffer (3% BSA in TBST, 10 mM Tris–HCl, pH 8.0,
150 mM NaCl, 0.2% Tween 20) for 1 h and then incubated in
the blocking buffer containing purified PLAFP (1 μg/ml) at 4˚C
overnight. The membrane was washed with TBST twice and incu-
bated in the blocking buffer with Anti-polyHis mouse monoclonal
antibody (Sigma) at 1:1000 dilution for 2 h at room tempera-
ture. The membrane was washed twice with TBST and incubated
in the blocking buffer with horseradish peroxidase-conjugated

FIGURE A1 | Purification of PLAFP. (Top) SDS-PAGE gel for different
fractions of purification of PLAFP-His. M, molecular weight marker; CL,
cleared lysate; FT, flow-through; W1, wash fraction; E1–E6, elution
fractions. (Bottom) Western blot analysis for the above listed factions using
Anti-His antibody to visualize PLAFP-His.
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anti-mouse antibody (BioRad) at 1:10,000 dilution for 1 h at room
temperature. The membrane was washed twice with TBST and
detection was done using a chemiluminescence detection system
(Thermo scientific).

LIPOSOME BINDING ASSAY
Liposomes were prepared using PC, PA, or a mixture of
PC and PA, following the method described in (Awai et al.,

2006). Liposomes (250 μg) were mixed with 1 μg of puri-
fied PLAFP and TBS (50 mM Tris–HCl, pH7.0, 0.1 M NaCl)
to make 100 μl solution. The mixture was incubated at 30˚C
for 30 min, followed by centrifugation at 10,000 × g for 10 min
at 4˚C. The pellet was washed twice with ice-cold TBS and
then mixed with SDS-PAGE sample buffer. Western blot analy-
sis was done using the antibodies and detection system mentioned
above.
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Galactolipids constitute the major lipid class in plants. In recent years oxygenated deriva-
tives of galactolipids have been detected. They are discussed as signal molecules during
leaf damage, since they accumulate in wounded leaves in high levels. Using different
analytical methods such as nuclear magnetic resonance, infra-red spectroscopy, and high
performance liquid chromatography/mass spectrometry (HPLC/MS) earlier reports focused
on the analysis of either oxidized or non-oxidized species and needed high levels of ana-
lytes. Here, we report on the analysis of the galactolipid subfraction of the Arabidopsis
leaf lipidome by an improved HPLC/MS2-based method that is fast, robust, and com-
paratively simple in its performance. Due to a combination of phase partitioning, solid
phase fractionation, liquid chromatography, and MS2 experiments this method has high
detection sensitivity and requires only low amounts of plant material. With this method
167 galactolipid species were detected in leaves of Arabidopsis thaliana. Out of these 79
being newly described species. From all species the head group and acyl side chains were
identified via MS2 experiments. Moreover, the structural identification was supported by
HPLC/time-of-flight (TOF)-MS and gas chromatography (GC)/MS analysis. The quantifica-
tion of different galactolipid species that accumulated 30 min after a mechanical wounding
in A. thaliana leaves showed that the oxidized acyl side chains in galactolipids are divided
into 65% cyclopentenones, 27% methyl-branched ketols, 3.8% hydroperoxides/straight-
chain ketols, 2.0% hydroxides, and 2.6% phytoprostanes. In comparison to the free
cyclopentenone derivatives, the esterified forms occur in a 149-fold excess supporting the
hypothesis that galactolipids might function as storage compounds for cyclopentenones.
Additional analysis of the ratio of non-oxidized to oxidized galactolipid species in leaves of
wounded plants was performed resulting in a ratio of 2.0 in case of monogalactosyl dia-
cylglycerol (MGD), 8.1 in digalactosyl diacylglycerol (DGD), and 0.6 in the acylated MGD.
This indicates that galactolipid oxidation is a major and rapid metabolic process that occurs
class specific.

Keywords: arabidopsides, esterified oxylipins, HPLC/MS, lipid peroxidation

INTRODUCTION
Monogalactosyl diacylglycerol (MGD) as well as digalactosyl dia-
cylglycerol (DGD) are ubiquitous non-phosphorous lipid classes
in higher plants constituting about 80% of thylakoid membrane
lipids and about 60% of all leaf lipids (Douce and Joyard,

Abbreviations: AOS, allene oxide synthase; arb, arbitrary units; Col-0, Columbia-
0; CP, chiral phase; DAD, diode array detector; DGD, digalactosyl diacylglyc-
erol; DMOX, 4,4-dimethyloxazolines; dnOPDA, (7R,8Z,11S,13Z )-10-oxo-8,13-
dinor-phytodienoic acid; DP, declustering potential; EP, entrance potential; EI,
electron impact; ESI, electrospray ionization; GC, gas chromatography; HPHT,
hydro(pero)xy hexadecatrienoic acid; HPLC,high performance liquid chromatogra-
phy; H(P)OD, hydro(pero)xy octadecadienoic acid; H(P)OT, hydro(pero)xy octade-
catrienoic acid; JA, jasmonic acid; KHT, keto hexadecatrienoic acid; KOT, keto
octadecatrienoic acid; α-LeA, α-linolenic acid; LOX, lipoxygenase; MGD, mono-
galactosyl diacylglycerol; MS, mass spectrometry; OPDA, (9R,10Z,13S,15Z )-12-
oxo-10,15-phytodienoic acid; PPA1, phytoprostane A1; PPB1, phytoprostane B1;
QLIT, quadrupole-linear ion trap; RP, reversed phase; RT, retention time; SPE,
solid phase extraction; SQD, sulfoquinovosyl diacylglycerol; UPLC/TOF-MS, ultra
performance liquid chromatography/time-of-flight mass spectrometry.

1990; Dörmann and Benning, 2002). After the discovery of the
first oxidized galactolipid in 2001 (Stelmach et al., 2001), recent
studies have demonstrated that wounded leaves of Arabidopsis
thaliana accumulate high levels of oxygenated galactolipid deriv-
atives (Buseman et al., 2006). In Arabidopsis these oxidized galac-
tolipids may contain cyclopentenones, i.e., 12-oxo-phytodienoic
acid (OPDA) and/or dinor-12-oxo-phytodienoic acid (dnOPDA),
esterified either to the glycerol backbone of the lipid at one or at
two positions, respectively, and/or to the sugar moiety (Andersson
et al., 2006). They are collectively called Arabidopsides (Hisamatsu
et al., 2003, 2005). In case of MGD and DGD derivatives, OPDA
is either linked to glycerol at both the sn1 and sn2 position as
in Arabidopside B (Ara-B) and Arabidopside D (Ara-D), or is
attached at the sn1 position while dnOPDA at the sn2 position like
in Arabidopside A (Ara-A) and Arabidopside C (Ara-C; Hisamatsu
et al., 2003, 2005). In following studies further Arabidopsides were
identified containing hexadecatrienoic acid (16:3) linked at the
sn2 position and OPDA at the sn1 position (MGD-O; Stelmach
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et al., 2001) or octadecatrienoic acid (18:3) at the sn1 position and
dnOPDA at the sn2 position – the latter one termed Arabidop-
side F (Ara-F; Nakajyo et al., 2006). Besides these MGD and DGD
derivatives also acylated MGD species, like Arabidopside E (Ara-E;
Andersson et al., 2006) and Arabidopside G (Ara-G; Kourtchenko
et al., 2007) have been identified. Here an extra OPDA molecule
is esterified to the galactosyl moiety in addition to the one at the
sn1 and sn2 postion (Ara-G; note that in case of Ara-E, dnOPDA is
esterified at the sn2 position). Additionally, OPDA linked to mono-
galactosyl monoacylglycerol MGM was found in Ipomoea tricolor
(heavenly blue; Ohashi et al., 2005). Besides the above described
galactolipid species, one phospholipid, namely phosphatidylglyc-
erol (PG) has also been demonstrated to contain OPDA esterified
at the sn1 position and hexadecenoic acid (16:1) or hexadecanoic
acid (16:0) at sn2 position (Buseman et al., 2006).

Knowledge on the biological role of Arabidopsides is still scarce.
In several studies it has been suggested that they may act as sig-
nal molecules during leaf damage (Stelmach et al., 2001; Buseman
et al., 2006; Böttcher and Weiler, 2007). Along this line, it has
been demonstrated that different Arabidopsides accumulate dur-
ing hypersensitive response (Andersson et al., 2006; Kourtchenko
et al., 2007). In addition,Arabidopsides may (i) inhibit root growth
of cress (Hisamatsu et al., 2003), (ii) promote senescence in oat
leaves (Hisamatsu et al., 2006), or (iii) have direct antimicrobial
function (Kourtchenko et al., 2007). It has also been discussed
that Arabidopsides might act as storage compounds allowing a
faster and stronger formation of the well established signal mole-
cule jasmonic acid (JA) and its derivatives (Stelmach et al., 2001;
Andersson et al., 2006; Buseman et al., 2006; Kourtchenko et al.,
2007).

Several analytical strategies were pursued to elucidate the struc-
ture of oxidized galactolipids. In initial experiments galactolipid
extracts were treated with lipases in order to release OPDA from
lipid molecules allowing the analysis by gas chromatography/mass
spectrometry (GC/MS), high performance liquid chromatogra-
phy/MS (HPLC/MS), and nuclear magnetic resonance (NMR)
spectroscopy (Stelmach et al., 2001). In following studies a com-
bination of MS, infra-red (IR) as well as NMR techniques was
applied for the analysis of MGD derivatives like Ara-A, Ara-B
(Hisamatsu et al., 2003), and Ara-F (Nakajyo et al., 2006), or DGD
derivatives such as Ara-C and Ara-D (Hisamatsu et al., 2005).
MS and NMR were also used for the elucidation of two oxi-
dized acylated MGD derivatives, Ara-E (Andersson et al., 2006)
and Ara-G (Kourtchenko et al., 2007). The latter two metabolites
were demonstrated to accumulate preferentially during the hyper-
sensitive response. All these analyses were hampered by the high
amount of plant material needed for extraction and the expen-
diture of time necessary for the analytical analysis. Therefore,
Buseman et al. (2006) established an analytical method that based
on electrospray ionization (ESI)-tandem MS: it was used for detec-
tion and characterization of the already described MGD and DGD
derivatives as well as additional oxidized lipid molecules that are
distributed among MGD, DGD, and PG classes in wounded A.
thaliana leaves.

Besides to the analysis of oxylipin-containing galactolipids,
a number of different comprehensive studies have also been
carried out on the analysis and identification of non-oxidized

galactolipids. These species have been detected in leaves of A.
thaliana (Welti et al., 2002; Devaiah et al., 2006; Glauser et al.,
2008) and also in several plant species such as Ipomoea batatas
(Napolitano et al., 2007) and plant tissues like oat kernels (Moreau
et al., 2008). Most of these species were identified and analyzed
in parallel using low amounts of plant material either by means
of ESI-tandem MS-based methods (Welti et al., 2002; Devaiah
et al., 2006; Napolitano et al., 2007; Moreau et al., 2008) or
the ultra performance LC (UPLC)/time-of-flight (TOF)-MS tech-
nique (Glauser et al., 2008). According to those methods, different
numbers of non-oxidized galactolipid species have been identi-
fied – with the highest number of identified species reported by
Devaiah et al. (2006).

As to date no method was available to analyze a comprehensive
galactolipid spectrum that is needed for a functional analysis of
Arabidopsides, we aimed with our study to establish a sensitive
analytical method that could be used for the analysis of non-
oxidized as well as oxidized galactolipids in parallel. Using this
method we were able to identify 167 different species of various
galactolipid classes in leaves of A. thaliana and 79 of them being
newly described species. One hundred forty-six of these species
were quantified in A. thaliana leaves 30 min after a mechanical
wounding.

RESULTS
ESTABLISHMENT OF A HPLC/MS2-BASED METHOD FOR
IDENTIFICATION AND PROFILING OF GALACTOLIPIDS
In order to analyze the biosynthesis and the role of galactolipid-
bound oxylipins in plant cells, several MS-based strategies partially
combined with chromatographic separation have been developed
and performed during the last years (Andersson et al., 2006; Buse-
man et al., 2006; Böttcher and Weiler, 2007; Kourtchenko et al.,
2007). However, compared to the number of different poten-
tial galactolipid species the number of experimentally identified
ones was still considerably low. In order to gather a comprehen-
sive picture about the diversity of galactolipids we established a
HPLC/MS2-based method that was combined with a solid phase
extraction (SPE) step. Using this method we were able to iden-
tify and quantify non-oxidized species as well as the oxidized
derivatives of the galactolipid classes MGD, DGD (including their
acylated forms) as well as SQD.

EXTRACTION EFFICIENCY OF DIFFERENT MEDIA
To quantitatively isolate all galactolipids from the plant material,
different solvent systems were tested concerning their extrac-
tion efficiency: the extraction was performed either with chloro-
form/methanol or methyl tert -butyl ether as extraction solvents.
Extraction procedures were employed according to three methods
which were published by Bligh and Dyer (1959), Heinz and Tul-
loch (1969), Matyash et al. (2008). The total lipids were extracted
from Arabidopsis leaves which were harvested 30 min after wound-
ing. The galactolipids were purified by SPE, analyzed by using
HPLC/MS, and the amounts of 12 non-oxidized MGD species, 19
oxidized MGD species, 13 non-oxidized DGD species, 18 oxidized
DGD species, 6 acylated MGD species, and 18 oxidized acylated
MGD species were determined. As shown in Figure 1 the extrac-
tion according to Bligh and Dyer (1959) yielded 16.4 μmol g−1
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FIGURE 1 | Extraction efficiency of different media. Total lipids were
extracted from wounded leaves (30 min harvested after wounding) of A.
thaliana according to three extraction methods (Bligh and Dyer, 1959; Heinz
and Tulloch, 1969; Matyash et al., 2008). Galactolipids were then purified from

these extracts by using SPE and analyzed as well as quantified by HPLC/MS.
The amounts of the respective species from the various galactolipid classes
were summed. The mean values and SD of three parallel extractions are
shown.

f.w. whereas with the methods of Heinz and Tulloch (1969) and
Matyash et al. (2008) only 9.0 μmol g−1 f.w. could be detected.

OPTIMIZATION OF ANALYTIC HPLC/MS-PARAMETERS
In order to optimize the chromatographic separation of the dif-
ferent galactolipid species different gradient systems consisting
of either acetonitrile/water (70:30, v/v) and 2-propanol (binary
gradient system) or acetonitrile, water, and 2-propanol (ternary
gradient system) were tested. The highest resolution was achieved
by using the ternary gradient system (Table 1). In order to improve
the ionization efficiency of the galactolipids, 0.1% (v/v) of acetic
acid was added. In addition two C18 columns with different dimen-
sions have been tested: 250 mm × 2.1 mm, 5 μm particle size, and
50 mm × 2.1 mm, 1.8 μm particle size. The highest separation effi-
ciency was obtained with the latter one. To optimize quantification,
different amounts of plant material were measured. The most reli-
able and comprehensive peak detection was reached if 100 mg of
plant material was extracted (data not shown).

These optimized parameters led to a chromatographic sep-
aration as shown in Figure 2. For detection of the different
galactolipid species positive and negative ESI was used: all species
except SQD were detected with highest sensitivity with positive
ESI. In addition MS spectra were recorded in a mass range of 450–
1,500 amu (details of the respective MS conditions are given in
Table 2).

STRUCTURAL ELUCIDATION OF DIFFERENT GALACTOLIPID SPECIES
USING ION TRAP-MS
At first structure identification MS2 experiments were performed
with the ion trap system. Previous reports indicated that it is pos-
sible to identify the structure of any galactolipid due to a different
fragmentation pattern of its ammonium (Wang et al., 1999) and
sodium adduct, respectively (Welti et al., 2003; Devaiah et al., 2006;
Napolitano et al., 2007). The fragmentation of the ammonium ion
by collision-induced dissociation (CID) leads to a neutral loss of
the galactose moiety and an additional water loss whereas the
sodium adduct fragments by a neutral loss of the acyl side chains.
Moreover, the specific formation of these adducts can be observed
by applying different capillary temperatures of either 200 or 310˚C
(Table 2).

Table 1 |Ternary gradient system used for the RP-HPLC/MS2 analysis

of different galactolipid species.

Time

(min)

Solvent

Aa (%)

Solvent

Bb (%)

Solvent

Cc (%)

Flow rate

(μl min−1)

0 50 50 0 200

10 50 50 0 200

15 85 15 0 200

35 34 6 60 200

55 34 6 60 200

57 85 15 0 200

59 50 50 0 200

62 50 50 0 200

aSolvent A: acetonitrile/acetic acid (100:0.1, v/v).
bSolvent B: water/acetic acid (100:0.1, v/v).
cSolvent C: 2-propanol/acetic acid (100:0.1, v/v).

The identification of Ara-E by this strategy is shown as an exam-
ple in Figure 3. The ammonium adduct (m/z 1066.4) and sodium
adduct (m/z 1071.6) of Ara-E were detected in addition to the
respective protonated ion (m/z 1049.3) with positive ESI at a capil-
lary temperature of 270˚C (Figure 3A). By decreasing the capillary
temperature to 200˚C the formation of the sodium adduct was
almost completely avoided and the ammonium adduct was pri-
marily formed (Figure 3C). The fragmentation of this adduct by
CID led to the formation of fragment ions resulting from the neu-
tral loss of the galactose moiety acylated with OPDA (m/z 613.1) as
well as of an additional water loss (m/z 595.2, Figure 3E). In con-
trast to the fragmentation of the ammonium adduct, the sodium
adduct occurring primarily at a capillary temperature of 310˚C
(Figure 3D) fragmented into the ions m/z 779.4 and m/z 807.4
due to the loss of OPDA from the sn1 position and dnOPDA from
the sn2 position of the glycerol backbone (Figure 3F). The origin
of the fragments from either the sn1 or sn2 position can be deduced
from the different signal intensities of the various fragment ions.
Fragments resulting from the neutral loss of the acyl chain at sn1

position have in general higher abundances than those resulting
from the neutral loss of the acyl chain at the sn2 position (Guella
et al., 2003; Napolitano et al., 2007). In addition, the fragmentation
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FIGURE 2 | Elution of various galactolipid classes. Total ion chromatogram
(TIC) of the RP-HPLC/MS analysis of the galactolipid fraction after purification
from the total lipid extract by using SPE. Total lipids were extracted according

to Bligh and Dyer (1959) from leaves of A. thaliana 30 min after wounding.
Galactolipid species were detected in positive ESI mode using a mass range
of 450–1,500 amu.

Table 2 | Mass spectrometry conditions used for detection and

quantification of different lipid species.

Lipid species MGD DGD SQD

Ionization mode Positive Negative

Ion-adduct used for quantification [M + NH4]+ [M − H]−

Recorded mass range used for quantification 450–1500 amu

Temperature of ion transfer capillary for

[M + NH4]+ and [M − H]−/[M + Na]+ analysis

200/310˚Ca

Ion spray/capillary voltage 4 kV/28V

Sheath gas/auxiliary gas flow rate 30/10 arb

Collision energy 2V

aAt 310˚C: collision energy of the source fragmentation mode was set at 40V.

of the sodium adduct of several acylated MGD species led to the
neutral loss of the acyl residue at the galactosyl moiety. The result-
ing additional fragments occur with very low abundances (data
not shown).

To investigate a comprehensive galactolipid spectrum, all mole-
cular ions with mono-, di-, or acylated galactose moieties were first
identified due to the fragment ion spectra at a capillary temper-
ature of 200˚C and then further analyzed as described for Ara-E.
Most of the detected masses could be identified according to pub-
lished data on the occurrence of fatty acids and oxylipins in A.
thaliana.

STRUCTURAL ELUCIDATION OF DIFFERENT GALACTOLIPID SPECIES
USING TOF-MS
The identity of the galactolipid species that were found with
the ion trap MS2 experiments was verified by HPLC–TOF-MS

experiments via their accurate molecular masses. In addition,
unknown acyl side chains of galactolipids were identified by sub-
tracting the accurate mass of the head group and the other acyl
chain, both identified in MS2 experiments, from the accurate
masses of the entire molecule. Based on this result it was possi-
ble to predict the respective sum formula of the unknown side
chain as summarized in Table 3. By using the predicted sum
formulas, oxidized acyl side chains could be identified as phy-
toprostanes, ketols, or hydroperoxides by comparing them with
those of known oxylipins from A. thaliana. Notably, for two of the
predicted sum formulas (C17H28O4 and C19H32O4) no structure
could be assigned. Based on the finding that they contain an odd
number of carbon atoms, however, these compounds were ten-
tatively assigned as methyl-branched fatty acid derivatives. This
hypothesis was confirmed by GC/MS analysis of the respective
compounds (next section).

STRUCTURAL ELUCIDATION OF DIFFERENT GALACTOLIPID SPECIES
USING GC/MS
Next GC/MS analysis was performed for identification of the acyl
backbone of the galactolipid structures. For this two different frac-
tions were used: the galactolipid fraction resulting from SPE was
directly applied to transesterification to obtain the corresponding
methyl esters of all acyl side chains. Alternatively, the galactolipid
species were further purified and thereby enriched by repetitive
HPLC runs before transesterification.

The number and position of the double bonds of the non-
oxidized acyl chain derivatives were determined by the analysis
of the 4,4-dimethyloxazoline (DMOX) derivatives. However, for
some acyl side chains the amounts were too low and it was not pos-
sible to determine the position of the double bonds with absolute
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FIGURE 3 | Ion trap mass spectrometric detection. (A) Mass
spectrum of Ara-E in positive ESI mode at a capillary temperature of the
ion source of 270˚C, (B) Structure of Ara-E with fragment ions of the
[M + NH4]+ ion or [M + Na]+ ion, (C) Mass spectrum of Ara-E at a
capillary temperature of the ion source of 200˚C, (D) Mass spectrum of
Ara-E at a capillary temperature of the ion source of 310˚C, (E) Product
ion spectra of [M + NH4]+, (F) Product ion spectra of [M + Na]+. Total
lipids were extracted from wounded leaves of A. thaliana according to

Bligh and Dyer (1959) and galactolipids were subsequently purified by
SPE. For identification of the various molecular species, galactolipids
were separated by RP-HPLC and then detected in positive ESI mode
using an ion trap mass spectrometer. The galactolipid fraction resulting
from 200 to 300 mg of plant material was used. The ammonium and
sodium adducts of the various galactolipid species were detected at the
respective capillary temperatures of the ion source in a mass range of
450–1,500 amu and at CE of 2V.

Table 3 | Predicted sum formulas and their predicted structures of

some unknown acyl side chains deduced from accurate mass

measurements byTOF-MS.

Calculated accurate

masses (Da)

Predicted

sum formulas

Predicted

structures

282.1885 C16H26O4 Ketol-16:2/HPHT

296.1914 C17H28O4 uk

306.251 C20H34 20:3

308.1888 C18H28O4 PPA1/PPB1

310.2122 C18H30O4 Ketol-18:2/HPOT

312.2239 C18H32O4 Ketol-18:1/HPOD

324.2232 C19H32O4 uk

uk, unknown structure (unpublished in literature).

certainty. This analysis led to the identification of branched-chain
fatty acids as acyl residues of galactolipids (Table 4). The respective
mass spectra were confirmed by comparison with data of the lipid

library1. However, the correct positions of the methyl group at the
fatty acid backbone could not always be determined unequivocally
by the mass spectra of their methyl esters and DMOX derivatives.

For the structural identification of different oxylipins [e.g.,
OPDA, dnOPDA, hydroxy octadecatrienoic acids (HOTs), and
hydroxy octadecadienoic acids (HODs)] that were esterified to
the glycerol backbone of galactolipids, their respective trimethylsi-
lyl ether/methyl ester derivatives were analyzed via GC/MS or
as methyl esters by HPLC/diode array detection (DAD; data not
shown). The identity of those compounds was confirmed by com-
parison with authentic standards. The structures of the two acyl
side chains with the predicted sum formulas of C17H28O4 and
C19H32O4 could be resolved from the EI–MS spectra of the corre-
sponding methyl esters as well as trimethylsilyl ester/trimethylsilyl
ether derivatives (Figure A1 in Appendix). From these data, the
compounds were assigned as ketol derivatives of methyl-branched

1http://www.lipidlibrary.aocs.org/ms/arch_me/index.htm
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Table 4 | Straight- and branched-chain fatty acids identified as methyl

esters as well as DMOX derivatives by GC/MS.

M+ of identified

non-oxidized acyl side chains

Identification as

Methyl esters DMOX derivatives

200 n.d. 12:0a

214 n.d. Methyl-12:0a

228 n.d. 14:0a

238 n.d. Methyl-14:2a

240 n.d. Methyl-14:1a

242 n.d. Methyl-14:0a

250 16:3 (7, 10, 13) 16:3 (7, 10, 13)

252 16:2 (7, 10) 16:2 (7, 10)

254 16:1 (9)/16:1 (7) 16:1 (9)

256 16:0 16:0

264 n.d. Methyl-16:3 (9)a

268 n.d. Methyl-16:1 (9)a

270 Methyl-16:0 Methyl-16:0

278 18:3 (9, 12, 15) 18:3 (9, 12, 15)

280 18:2 (9, 12) 18:2 (9, 12)

282 18:1a 18:1a

284 18:0 18:0

292 n.d. Methyl-18:3a

296 n.d. Methyl-18:1a

306 20:3 (11, 14, 17) 20:3 (11, 14, 17)

308 20:2 (11, 14) 20:2 (11, 14)

312 20:0 20:0

324 Methyl-20:1a n.d.

326 Methyl-20:0 Methyl-20:0

338 n.d. 22:1 (13)

340 22:0 22:0

352 n.d. Methyl-22:1a

354 Methyl-22:0 Methyl-22:0

366 n.d. 24:1a

368 24:0 24:0

380 n.d. Methyl-24:1a

382 n.d. Methyl-24:0

396 n.d. 26:1a

Numbers in brackets indicate the position of the double bond at the fatty acid

backbone, counting from the carboxyl terminus.
aFatty acid detected in extremely low levels.

n.d., Not determined.

16:3 and 18:3 and were therefore being named methyl-ketol-16:2
and methyl-ketol-18:2, respectively.

QUALITATIVE GALACTOLIPID PROFILE OF WOUNDED A. thaliana
LEAVES
By combining all data obtained by the different MS experiments
the structure of the detected acyl side chains could be assigned. The
structures of the non-oxidized and oxidized fatty acid residues are
given in Table 5. By combining their structural information with
the corresponding information for the head groups a qualitative
galactolipid profile of wounded A. thaliana leaves was obtained.

Due to different fragment ion pattern, nearly all isobaric species
could be identified and their molecular structures resolved. How-
ever, in some cases, isobaric species differed in their retention
times, but exhibited the same intensities of both ion fragments
derived from the sodium adduct rendering it impossible to deter-
mine the sn position of the acyl side chains. These species are
shown with side chains in brackets in the following and in the
tables. Species containing exclusively non-oxidized acyl side chains
were grouped together to build the non-oxidized classes. On the
other hand, species containing at least one oxidized acyl side chain
were arranged into the oxidized classes. This classification led to
formation of 10 different galactolipid classes: non-oxidized MGD,
oxidized MGD, non-oxidized DGD, oxidized DGD, non-oxidized
acylated MGD, oxidized acylated MGD, oxidized acylated DGD,
non-oxidized MGM, non-oxidized SQD, and oxidized SQD. The
number of species identified are given in Table 6 and compared
with the numbers from previous studies. In summary, 22 non-
oxidized MGD species (Table A1 in Appendix), 36 oxidized MGD
species (Table A2 in Appendix), 31 non-oxidized DGD species
(Table A3 in Appendix), 26 oxidized DGD species (Table A4 in
Appendix), 13 non-oxidized acylated MGD species (Table A5 in
Appendix), 27 oxidized acylated MGD species (Table A6 in Appen-
dix), one oxidized acylated DGD species (Table A7 in Appendix),
two non-oxidized lyso-MGD species (Table A8 in Appendix) seven
non-oxidized SQD species (Table A9 in Appendix) as well as two
oxidized SQD species (Table A10 in Appendix) were identified.

QUANTITATIVE GALACTOLIPID PROFILE OF WOUNDED A. thaliana
LEAVES
In summary 167 species could be distinguished by the HPLC/MS2

experiment. However, some galactolipid species could not be
quantified since their signals were either too small or they were not
fully separated under the used experimental conditions. Therefore,
only 146 of the 167 species were quantified by the HPLC/MS-based
method.

In the non-oxidized MGD class, the most abundant species
is the plastid-derived prokaryotic species 34:6-MGD (x :y-
MGD, where x :y represents the sum of both acyl side chains
with x carbons and y double bonds bound to MGD) with
an amount of 737.5 ± 166.3 nmol g−1 f.w. followed by the
endoplasmic reticulum-derived eukaryotic species 36:6-MGD
(511.5 ± 88.1 nmol g−1 f.w.; Table A1 in Appendix). Other
prokaryotic species like 34:5-MGD and 34:4-MGD had amounts
of 215.1 ± 25.4 and 221.1 ± 40.5 nmol g−1 f.w. Another abun-
dant eukaryotic species is 36:5-MGD with an amount of
174.3 ± 36.6 nmol g−1 f.w. Seven further non-oxidized MGD
species were determined at levels lower than 100 nmol g−1 f.w.
The total amount of the quantified non-oxidized MGD species
was 2.15 ± 0.19 μmol g−1 f.w. The corresponding oxidized MGD
species are shown in Table A2 in Appendix. The prokaryotic
species methyl-ketol-18:2/16:3-MGD [X/Y-MGD, where fatty acid
(derivative) X is esterified at the sn1 position and Y at the sn2 posi-
tion of the glycerol backbone of MGD] and Ara-A derived from
34:6-MGD were the most abundant oxidized species with amounts
of 257.1 ± 80.6 and 194.0 ± 184.7 mmol g−1 f.w., respectively. The
next most intensive species were (HPOT/ketol-18:2)/16:3-MGD,
18:3/methyl-ketol-16:2-MGD, OPDA/methyl-ketol-16:2-MGD,
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Table 5 | Molecular masses of the detected acyl side chains and the appropriate sum formulas and structures of the respective non-oxidized or

oxidized molecular versions.

Molecular masses of the acyl side chains Non-oxidized molecule Oxidized molecule

Sum formula Structure Sum formula Structure

250 C16H26O2 16:3 ukd ukd

252 C16H28O2 16:2 ukd ukd

254 C16H30O2 16:1 ukd ukd

256 C16H32O2 16:0 ukd ukd

264 C17H28O2 Methyl-16:3a C16H24O3 dnOPDA, KHT

268 C17H32O2 Methyl-16:1a ukd ukd

270 C17H34O2 Methyl-16:0a ukd ukd

278 C18H30O2 18:3 ukd ukd

280 C18H32O2 18:2 ukd ukd

282 C18H34O2 18:1 C16H26O3 Ketol-16:2, HPHT

284 C18H36O2 18:0 ukd ukd

292 C19H32O2 Methyl-18:3a C18H28O3 OPDA, KOT

294 C19H34O2 Methyl-18:2a C18H30O3 HOT, KOD

296 C19H36O2 Methyl-18:1a C18H32O3, C17H32O3
b HOD, methyl-ketol-16:2c

306 C20H34O2 20:3a ukd ukd

308 C20H36O2 20:2a C18H28O4 PPA1,PPB1

310 C20H38O2 20:1a C18H30O4 Ketol-18:2, HPOT

312 C20H40O2 20:0a C18H32O4 Ketol-18:1, HPOD

324 C21H40O2 Methyl-20:1a C19H32O4 Methyl-ketol-18:2c

aFatty acids detected and verified by GC/MS.
bSum formulas determined by HPLC/TOF-MS.
cStructure determined by GC/MS.
duk, Unknown.

Table 6 | Number of identified galactolipid species detected in wounded leaves of A. thaliana.

Identified

galactolipids

Current

study

Stelmach

et al.

(2001)

Hisamatsu et al.

(2003, 2005), Nakajyo

et al. (2006)

Buseman et al.

(2006), Devaiah

et al. (2006)

Andersson et al.

(2006), Kourtchenko

et al. (2007)

Böttcher

and Weiler

(2007)

Glauser

et al.

(2008)

Non-oxidized MGD 22 24 2

Oxidized MGD 36 (29) 1 (1)a 3 (3) 11 (3) 3 1

Non-oxidized DGD 31 22

Oxidized DGD 26 (22) 2 (2) 4 (3) 1

Non-oxidized acylated MGD 13

Oxidized acylated MGD 27 (25) 2 (2)

Oxidized acylated DGD 1 (1)

Non-oxidzied MGM 2

Oxidized MGM 2 (2)

Non-oxidized SQD 7

Oxidized SQD 2 (2)

Σ 167 (79)

(n), Number of galactolipid species which were described in the respective publication for the first time.

and OPDA/16:3-MGD//18:3/dnOPDA-MGD (MGD-O//Ara-F)
containing partially methyl-ketol-16:2 and methyl-ketol-18:2 as
acyl side chains. The levels of these species were between 70
and 100 nmol g−1 f.w. Within this MGD class, all further species
including Ara-B derived from 36:6-MGD were determined with

levels lower than 50 nmol g−1 f.w. The total amount of the oxidized
MGD species was 1.07 ± 0.54 μmol g−1 f.w.

The non-oxidized DGD class was mainly composed of
the eukaryotic species 36:6-DGD (416.9 ± 104.2 nmol g−1 f.w.)
and 34:3-DGD composed of 16:0 at sn1 and 18:3 at sn2
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(351.9 ± 107.0 nmol g−1 f.w.) as well as the prokaryotic species
34:6-DGD (294.5 ± 64.9 nmol g−1 f.w.; Table A3 in Appen-
dix). The species 34:5-DGD, 34:2-DGD, 34:1-DGD, and 36:3-
DGD had amounts between 70 and 170 nmol g−1 f.w. All other
species were detected with amounts lower than 60 nmol g−1

f.w. The total amount of the non-oxidized DGD species was
1.69 ± 0.41 μmol g−1 f.w.

In accordance with the non-oxidized DGD profile, Ara-D
derived from the eukaryotic 36:6-DGD was together with methyl-
ketol-18:2/18:3-DGD and OPDA/OPDA-DGD (Ara-D) the most
abundant oxidized species in the oxidized DGD class with
amounts of 40.7 ± 29.9 and 67.0 ± 34.9 nmol g−1 f.w., respectively
(Table A4 in Appendix). Two other abundant oxidized species
were methyl-ketol-18:2/methyl-ketol-18:2-DGD and 16:0/OPDA-
DGD//OPDA/16:0-DGD with levels above 10 nmol g−1 f.w. The
other oxidized DGD species including OPDA/dnOPDA-DGD
(Ara-C) were found to have levels lower than 8 nmol g−1

f.w. In total, the oxidized DGD species had an amount of
0.21 ± 0.09 μmol g−1 f.w.

Within the non-oxidized acylated MGD class, three species,
i.e., the eukaryotic species 54:9-MGD (90.0 ± 41.0 nmol g−1 f.w.),
52:9-MGD representing a mixture of a prokaryotic and a eukary-
otic species (69.8 ± 41.9 nmol g−1 f.w.), and the prokaryotic
species 50:9-MGD (23.6 ± 13.8 nmol g−1 f.w.; Table A5 in Appen-
dix), were determined with decreasing amounts. Four additional
species were quantified with levels lower than 20 nmol g−1 f.w.
The total amount of the non-oxidized acylated MGD species was
0.18 μmol ± 0.07 g−1 f.w.

The most abundant oxidized acylated MGD species was the
prokaryotic OPDA/dnOPDA–MGD–OPDA [X/Y-MGD-Z, where
fatty acid (derivative) X is esterified at the sn1 position, Y at the
sn2 position of the glycerol backbone and Z at the galactose moi-
ety of MGD; Ara-E] with an amount of 181.4 ± 76.1 nmol g−1

f.w. (Table A6 in Appendix). The second most abundant species
was OPDA/OPDA-MGD-OPDA (Ara-G) with an amount of
67.7 ± 26.8 nmol g−1 f.w. The other species were determined with
levels lower than 20 nmol g−1 f.w. leading to a total amount of the
oxidized acylated MGD class of 0.33 ± 0.12 μmol g−1 f.w.

For the class of oxidized acylated DGD and non-oxidized
MGM only three different species were detected. The level
of these metabolites were comparatively low with levels of
9.4 ± 5.0 nmol g−1 f.w. for OPDA/OPDA–DGD–OPDA (Table A7
in Appendix) and 0.5 ± 0.4 nmol g−1 f.w. (18:1-MGM) to
28.8 ± 26.4 nmol g−1 f.w. (18:3-MGM; Table A8 in Appendix).

While the non-oxidized SQD species gave amounts of 0.3 ±
0.5 nmol g−1 f.w. (for 16:1–16:0-SQD) to 502.9 ± 629.4 nmol g−1

f.w. (for 18:3/16:0-SQD; Table A9 in Appendix) the amount of
the oxidized species was too low for quantification (Table A10 in
Appendix).

In addition to the galactolipids, the non-esterified oxylip-
ins jasmonic acid (JA), OPDA, and dnOPDA were analyzed.
Due to the different requirements of these free oxylipins in the
chromatographic and ionization conditions, these metabolites
were analyzed via HPLC/quadrupole-linear ion trap-MS. Using
this method the free oxylipins were measured with amounts
of 0.73 ± 0.14 nmol g−1 f.w. for JA, 4.7 ± 2.2 nmol g−1 f.w. of
dnOPDA, and 2.7 ± 1.1 nmol g−1 f.w. of OPDA giving a total

amount of 8.16 ± 3.14 nmol g−1 f.w. The sum of all OPDA- and
dnOPDA-containing galactolipid species is 1.10 ± 0.45 μmol g−1

f.w. and is therefore about 150-fold higher than the total amount
of non-esterified OPDA and dnOPDA.

VALIDATION OF THE ESTABLISHED HPLC/MS2-BASED METHOD
In order to evaluate the quality and reliability of the established
method, the sensitivity, the quantification range and precision
of this method were examined according to the Guidance for
Industry-Bioanalytical method validation2 (2001).

The sensitivity of the method was determined with the galac-
tolipid species 17:0/17:0-MGD to be 2 pmol. The lower limit
of quantification was 20 pmol. Next the quantification range
for the six main non-oxidized galactolipids as well as the six
main Arabidopsides was examined. The linear range achieved
for 34:6-MGD was 2.0–20 nmol (r2 = 0.98), for 36:6-MGD 1.8–
17 nmol (r2 = 0.98), for 34:6-DGD 0.6–6.5 nmol (r2 = 0.99), for
36:6-DGD 0.5–10 nmol (r2 = 0.99), for 52:9-MGD 0.03–2.6 nmol
(r2 > 0.99), and for 54:9-MGD 0.03–3.8 nmol (r2 > 0.99), respec-
tively. In case of the six main Arabidopsides, the linear range
achieved for Ara-A was 1.4–64 nmol (r2 = 0.99), for Ara-B 0.12–
15 nmol (r2 = 0.99), for Ara-C 0.04–1.8 nmol (r2 = 0.99), for Ara-
D 0.07–16 nmol (r2 = 0.99), for Ara-E 0.37–21.5 nmol (r2 = 0.98),
and for Ara-G 0.12–8.5 nmol (r2 = 0.99), respectively.

The precision of the method was determined in relation to
the six main non-oxidized galactolipids as well as the six main
Arabidopsides (Table 7). For these 12 compounds, the coefficient
of variation (CV) of the analytical precision was calculated from
data resulting from analysis of identical biological material which
was extracted in triplicates and from each extract three aliquots
were injected. The mean values (MV) and SD of the absolute peak
areas of each nine measurements were calculated and CV was
estimated by the following equation: CV = SD/MV∗100. The CV
values referring to the different galactolipid species were between
4.0 and 35.4. To evaluate these values the biological variation of
the plant material was determined as well. For this, plant material
originating from three biological replicates was extracted in paral-
lel and for each extract a single measurement was performed. The
CV of these nine measurements was also calculated as described
above for the evaluation of the analytical precision. As shown
in Table 7 the biological variation of the used plant material is
higher than the analytical precision (with one exception for Ara-
B). Therefore, three parallel extractions of the same plant material
shall be always performed and subsequently measured once for
the intended use.

DISCUSSION
Galactolipids are the most abundant lipids on earth (Dörmann
and Benning, 2002). Interestingly, in A. thaliana the majority of
them occurs oxidized at the acyl side chains already after short
times of wounding and during hypersensitive response (Stelmach
et al., 2001; Andersson et al., 2006; Buseman et al., 2006; Grun
et al., 2007; Kourtchenko et al., 2007). Here we describe a compre-
hensive analysis of galactolipids by a HPLC/MS2-based method

2http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformati
on/Guidances/ucm070107.pdf
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Table 7 | Calculated coefficients of variation (CV) of the analytical precision and biological variation using the established HPLC/MS2-based

method.

Main non-oxidized galactolipids

34:6-MGD 36:6-MGD 34:6-DGD 36:6-DGD 52:9-MGD 54:9-MGD

Analytical precision 6.7 3.4 6.9 4.00 34.4 35.4

Biological variation 10.6 11.8 12.7 7.8 38.4 40.6

Main arabidopsides

Ara-A Ara-B Ara-C Ara-D Ara-E Ara-G

Analytical precision 16.5 19.9 27.2 21.2 10.1 14.3

Biological variation 22.8 15.7 34.0 25.9 17.9 18.0

Analytical precision was calculated for three replicated extractions each measured three times. Biological variation was calculated for triplicate experiments each

experiment three times extracted and finally each extract single measured.

CV = standard deviation/mean value∗100.

that qualitatively and quantitatively determine the non-oxidized
species and oxidized derivatives of the galactolipid classes MGD,
DGD (including the acylated forms), and SQD.

ESTABLISHMENT OF A METHOD FOR COMPREHENSIVE GALACTOLIPID
ANALYSIS
Recently, the analysis of galactolipids and particularly of the oxi-
dized species has been intensified due to the discovery of the
Arabidopsides in the genius Arabidopsis (Böttcher and Weiler,
2007). For the first structure identification spectroscopic analyses,
i.e., IR and NMR spectroscopy were typically used. These meth-
ods need high amounts of ideally purified substances and are time
consuming (Stelmach et al., 2001; Hisamatsu et al., 2003, 2005;
Andersson et al., 2006; Kourtchenko et al., 2007). The spectrum
of identified galactolipid species was later augmented by using
a MS-based method coupled with chromatographic separation
(Glauser et al., 2008). Notably, the most comprehensive analyses,
which either mainly focused on non-oxidized galactolipid species
or on oxidized species, were performed so far with ESI-MS2-based
approaches (Welti et al., 2002; Buseman et al., 2006; Devaiah et al.,
2006). These methods, however, may have the disadvantage that
due to the missing chromatographic separation or insufficient res-
olution or sensitivity of the mass spectrometer, galactolipid species
with the same molecular mass can only be differentiated by MS2

experiments and therefore, the sn-specific molecular composition
of those species cannot be deduced from the signal abundance
of the respective fragment ions. In addition, direct ESI-MS is
highly prone to ionization suppression and/or enhancement which
can affect the quantification process of low abundant galactolipid
species. A task of this study was to establish a fast, sensitive, and
robust method for analysis of the comprehensive galactolipid spec-
trum composed of the non-oxidized species as well as the oxidized
species. As analytical system, ESI-MS2 detection was chosen in
conjunction with HPLC separation. In combination with SPE as an
additional purification step 167 non-oxidized and oxidized species
could be identified. To our knowledge this study presents the most
comprehensive analysis of galactolipids so far (Table 6).

The analysis was focused on the determination of MGD, DGD,
acylated MGD, acylated DGD, MGM species as well as SQD
species. While the SQD species were analyzed with negative ESI
all other galactolipid species were measured with positive ESI.

Since MGD and DGD represent about 80% of the plants lipid
membrane in which MGD is the most abundant one with about
50% (Douce and Joyard, 1990; Dörmann and Benning, 2002), the
positive ESI parameters were focused on the analysis of the main
galactolipid classes.

Structural characterization of the main galactolipids has been
achieved in this study by using MS2 experiments based on the
identification of the neutral loss fragments derived from either the
ammonium adducts or the sodium adducts. The preferred forma-
tion of the different adducts could be forced by optimizing the
temperature of the ion transfer capillary of the ion source either
at 200 or at 310˚C. Since the two different adducts lead to the for-
mation of specific fragment ions either derived from the neutral
loss of the hexose moiety or from the neutral loss of the acyl side
chains (Napolitano et al., 2007; Pacetti et al., 2007), the structure of
the main galactolipid species could be characterized in the positive
ESI mode by two measurements at different temperatures of the
ion transfer capillary. The acyl side chains can also be identified as
acyl anions derived from the deprotonated ion [M − H]– and the
acetate adduct [M + OAc]− (Buseman et al., 2006; Devaiah et al.,
2006).

The regiochemical distribution of the acyl side chains could be
deduced from the intensity ratio of the fragment ions correspond-
ing to [M + Na-sn1]+ and [M + Na-sn2]+. Since the loss of the
acyl side chain from the sn1 position is the preferred fragmenta-
tion process compared to the one form the sn2 position (Guella
et al., 2003), the ratio of the fragment ion intensities derived from
the sodium adducts was used to establish the position of the acyl
side chains at the glycerol backbone. The chromatographic sepa-
ration supported the structural identification, because at least in
case of the oxidized galactolipids regioisomers could be chromato-
graphically resolved. The structures of the acyl side chains were
determined based on their molecular masses which were used to
predict the appropriate sum formula. These data were, however,
not capable to distinguish between compounds with identical m/z
values. Additionally, the position of double bonds as well as of
hydro(pero)xy and keto groups could not be elucidated based
on the MS2 fragment ions. In contrast, Kim et al. (2001) were
able to determine the positions of the double bonds in the acyl
side chains of MGD and DGD species in wheat flour using the
complex MS2 ion spectra of the sodium adducts desorbed by fast
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atom bombardment (Kim et al., 2001). These experiments, how-
ever, were carried out with purified galactolipids and could not
be applied for the compound identification in lipid extracts. In
the current study, it was possible according to the used solvent
gradient of the chromatographic separation to predict whether
the respective galactolipid species contained non-oxidized or oxi-
dized acyl side chains, because the oxidized species eluted earlier
than the corresponding non-oxidized species. Unequivocal iden-
tification of most acyl side chains was achieved by analyzing the
respective DMOX and trimethylsilyl ether/methyl ester derivatives
via GC/MS.

For two compounds with m/z values of 296 and 324 the
structures could not be directly deduced based from MS2 spec-
tra since they have been so far not been identified as acyl side
chains of galactolipids and as oxylipins. However, the elucidation
of these structures was possible by TOF-MS and GC/MS analy-
ses: the accurate masses and the EI mass spectra of the respective
methyl esters and trimethylsilyl ester/trimethylsilyl ether deriva-
tives strongly suggest that these compounds are ketol derivatives
derived from methyl-branched fatty acids (Figure A1 in Appen-
dix). They could result from activities of lipoxygenases (LOXs)
and an allene oxide synthase (AOS) of A. thaliana against methyl-
branched fatty acids leading to the formation of allene oxides
which are non-enzymatically further hydrolyzed into ketols.

The quantification of the various galactolipid species was car-
ried out using only 17:0/17:0-MGD (a non-natural galactolipid
that is not found in A. thaliana) as internal standard. In some stud-
ies, however, 18:0/18:0- and 18:0/16:0-MGD as well as 18:0/18:0-
and 18:0/16:0-DGD derived from the natural galactolipids by
hydrogenation have been used as internal standards (Welti et al.,
2002; Buseman et al., 2006; Devaiah et al., 2006), since those species
were found in the galactolipid extracts only in low levels. It should
be emphasized at this point, that the use of only one single inter-
nal standard as in the present study could affect the quantification
process, because the ionization efficiency of the distinct galac-
tolipid species could be different within the used gradient system of
the chromatographic separation. The gradient system and ioniza-
tion conditions were therefore optimized and different extraction
methods were tested in order to obtain the highest quality of the
quantification results. Furthermore, the precision of the quan-
tification process has been validated in the corresponding signal
intensity range in which all galactolipid species were detected in
the HPLC/MS2-based method. Due to the fact that the fatty acid
composition of a lipid can influence its ionization behavior, it
should be stressed, however, that the amount of lipids analyzed in
this study can differ from that actually accumulating in the leaves.

GALACTOLIPID PROFILES IN WOUNDED A. thaliana LEAVES
A number of studies demonstrated that non-esterified oxylipins
such as JA, OPDA, and dnOPDA as well as the oxylipin-containing
galactolipids accumulate in A. thaliana leaves after wounding
(Farmer and Ryan, 1992; Blechert et al., 1997; Stelmach et al., 2001;
Stintzi et al., 2001; Buseman et al., 2006). Therefore we used our
method to quantify the identified galactolipid species by analyzing
leaves 30 min after wounding. Since knowledge on the biosynthe-
sis and the function of the oxidized galactolipid species is rather
scarce till now, the levels of the non-esterified dnOPDA, OPDA,

and JA, which are the potential precursors or products of the
galactolipid-bound forms, were determined in parallel. Due to the
different requirements of the galactolipids and the non-esterified
oxylipins in the chromatographic and ionization conditions both
compound classes could not be determined by a single analytical
method, but were quantified by two different HPLC/MS2-based
methods.

The ratio of the total amount of non-esterified OPDA and
dnOPDA and the total amount of the oxylipin-containing galac-
tolipids in leaves after wounding could provide hints whether
the galactolipid species have functions as storage forms of the
cyclopentenones, which could be liberated as signaling com-
pounds after leaf damage (Mosblech et al., 2009). In this case
the oxidized galactolipid species may be synthesized by direct
oxidation of the acyl side chains of the galactolipids. Alterna-
tively, it has been suggested that non-esterified dnOPDA, OPDA,
and JA may be esterified into galactolipids subsequently after
their biosynthesis (Stelmach et al., 2001). The quantitative galac-
tolipid profiles revealed that the total amount of the OPDA- and
dnOPDA-containing galactolipids were around 150-fold higher
than those of non-esterified OPDA and dnOPDA. This finding
goes in line with that of a previous study by Andersson et al. (2006),
who demonstrated that the hypersensitive response resulted in a
200-fold induction of esterified OPDA and an accumulation of
esterified OPDA that is 10 times higher compared to the free fatty
acid derivative. Due to this huge difference in the amounts of
the non-oxidized and oxidized galactolipids one may assume that
non-esterified OPDA and dnOPDA molecules are esterified to the
glycerol backbones directly after their biosynthesis producing the
respective oxidized galactolipid species in plastids. Consequently,
only small amounts remain as free OPDA and dnOPDA or enter
the peroxisome where they are converted by a series of reactions
leading to the synthesis of even lower levels of JA. Alternatively, JA
biosynthesis could proceed with the release of defined amounts of
esterified OPDA and dnOPDA from the respective oxidized galac-
tolipid species in the plastids, which are then converted into JA
in the peroxisome. Up to now, the proportion of both metabolic
pathways on the overall JA biosynthesis cannot be elucidated. In
addition, the biosynthesis of the free oxylipins as well as of the
lipid-bound oxylipins can be directly linked to the availability of
the respective substrates. Taking into account that more than 99%
of the polyunsaturated fatty acids α-linolenic acid and roughanic
acid occur esterified within lipids in plant cells (Conconi et al.,
1996), one may assume that the synthesis of the huge amounts of
oxylipin-containing galactolipids occurs using lipid-bound sub-
strates, even because free fatty acids are only present in low cellular
levels. They are liberated from lipids by the catalytic activity of
lipases and can serve as substrate for sequential oxidation and
isomerization reactions via the oxylipin pathway leading to low
oxylipin levels (Andreou et al., 2009).

The total amount of non-oxidized galactolipid species was
4.82 ± 1.37 μmol g−1 f.w. and that of the oxidized galactolipid
species was 1.81 ± 0.71 μmol g−1 f.w. This finding demonstrates
that 30 min after wounding the non-oxidized galactolipids were
2.7-fold higher than the possible oxidized species. Interestingly, in
the major abundant galactolipid class MGD, this ratio was only 2.0
whereas it was even 8.1 in case of the DGD species and only 0.6
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in the acylated MGD class. This may indicate that the oxidation
degree of the galactolipids may be class-specifically regulated after
wounding or different substrate specificities for the enzymes of the
oxylipin pathway against the different lipid molecules may exist.
Moreover, these different proportions may hint at specific func-
tions of the respective species. One conclusion that one may derive
from this observation is that the primary substrate of oxylipin
forming enzymes under these conditions are MGD species. From
these oxidized MGD molecules oxylipins may be transferred by
acyl editing reactions onto acylated MGD- and DGD species.

Most of the so far described oxylipin-containing galactolipids
contain either OPDA- and/or dnOPDA as acyl side chains (Stel-
mach et al., 2001; Hisamatsu et al., 2003, 2005; Andersson et al.,
2006; Kourtchenko et al., 2007). In addition eight species have
been described as ketol-containing galactolipids (Buseman et al.,
2006). In the current study, several additional oxylipin species were
identified to be esterified into galactolipids. Besides the most abun-
dant cyclopentenones OPDA and dnOPDA, which comprised of
65 mol%, of the total oxidized acyl side chains, two novel methyl-
branched ketols were identified as the second most abundant
oxylipins with 27 mol%. Acyl side chains corresponding to either
hydroperoxides or common oxylipin pathway-derived ketols were
found to represent 3.8 mol% of the total oxidized acyl side chains.
The distinct composition of these galactolipid species could not
be further deduced since the respective acyl side chains have an
identical molecular mass. Hydroxides and phytoprostanes were
determined with 2.0 and 2.6 mol%, respectively. These data indi-
cate that the majority of the oxidized galactolipids is derived
from enzymatic reactions, since cyclopentenones in these amounts
may be exclusively formed by the coordinated activities of 13-
LOX, 13-AOS, and 13-allene oxide cyclase. Indeed, the analysis
of the enantiomeric composition of the esterified hydroxides and
hydroperoxides revealed that the main 13-regioisomers occurred
over 90% as S-enantiomers confirming the enzymatic origin of
these galactolipid acyl side chains (data not shown). In contrast,
phytoprostanes were the only acyl side chains determined within
the galactolipid fraction of exclusively non-enzymatic origin. In
summary, these data revealed that the oxidized galactolipid species
accumulating after wounding in leaves of A. thaliana are the result
of enzymatic reactions assuming that the novel methyl-branched
ketols are also derived from an enzymatic activity.

Non-enzymatic peroxidation of membrane lipids and in partic-
ularly of the most abundant polyunsaturated fatty acids roughanic
acid, linoleic acid, and α-linolenic acid is another process in
lipid metabolism and results in the formation of lipid-bound
phytoprostanes or hydroxy fatty acids (Müller, 2004). However,
we detected only four minor abundant oxidized galactolipid
species being lipid-bound phytoprostanes. This finding was unex-
pected, since during the hypersensitive response of A. thaliana
non-enzymatically formed oxylipins accumulated to much higher
amounts (Grun et al., 2007).

Concerning the non-oxidized galactolipid species it is notable
that in addition to the C16 and C18 fatty acids, several C20 fatty
acids as well as methyl-branched fatty acids were identified as
acyl residues of the galactolipids. These fatty acid structures were
mainly identified within the DGD class, esterified either at the sn1

or the sn2 position. Even though the levels of these species were

very low in comparison to the other non-oxidized DGD species
their biosynthesis seems to be specific for DGD.

In summary,we have explored the high diversity of galactolipids
in A. thaliana and identified 167 different species. Our results
indicate that galactolipid oxidation upon wounding occurs class
specific and that esterifed cyclopentenone derivatives are more
abundant compared to the free forms. Our data will be valuable
for analyzing comprehensive galactolipid profiles in different bio-
logical contexts and might help to understand their function and
biosynthetic pathways.

MATERIALS AND METHODS
MATERIAL
Solvents for lipid extraction and galactolipid purification were
purchased either (chloroform or acetone) from Carl Roth
(Karlsruhe, Germany) or (2-propanol, acetonitrile (HPLC/MS
grade) and methanol (HPLC/MS and HPLC grade) from Acros
(Geel, Belgium). Acetic acid was from Sigma-Aldrich (Stein-
heim, Germany). Deionized water was filtered with cartridge to
0.055 μs/cm (arium® 611, Sartorius, Göttingen, Germany). Di-
heptadecanoate-monogalactosyldiacylglycerol (17:0/17:0-MGD)
standard was provided by Prof. E. Heinz (Hamburg, Germany) and
used for galactolipid quantification. (10-2H,11-2H2, 12-2H3)-JA
(D6-JA) and (17-2H2, 18-2H3)-OPDA (D5-OPDA) standards were
provided by Dr. O. Miersch (Halle/Saale, Germany) for quantifi-
cation of non-esterified JA, OPDA, and dnOPDA. Phytoprostanes
were synthesized using our published procedures (El Fangour
et al., 2004, 2005; Pinot et al., 2008).

PLANT MATERIAL AND GROWTH CONDITIONS
In this study the Columbia-0 (Col-0) ecotype of Arabidopsis was
used as wild type plants. Plants were grown for 7–8 weeks under
light period of 8 h at 22˚C with 90 μmol/m2 s light intensity and
a dark period of 16 h at 18˚C. Wounding of rosette leaves was
mechanically performed by using forceps. Wounded plants were
further incubated for 30 min at 90 μmol/m2 s light intensity until
the harvest. The harvested leaves were frozen directly in liquid
nitrogen and stored at −80˚C until use. Prior to extraction, leaf
material was ground into fine powder under liquid nitrogen using
a beat mill (Retsch, Haan, Germany) and kept again at −80˚C
until use.

SAMPLE PREPARATION, EXTRACTION PROCESSES
Galactolipids and their oxidized derivatives were extracted accord-
ing to (Bligh and Dyer, 1959; Heinz and Tulloch, 1969; Matyash
et al., 2008) with some minor modifications as described below
in order to compare the extraction efficiency of the respective
method. In standard experiments 0.2–2 g of plant material was
used for extraction. As internal standards, 25 μg of 17:0/17:0-
MGD for the quantification of galactolipids and 25 ng of each
D5-OPDA and D6-JA for the quantification of non-esterified JA,
OPDA, and dnOPDA were added.

CHLOROFORM/METHANOL EXTRACTION (ACCORDING TO BLIGH AND
DYER, 1959)
Briefly, total lipids were extracted from 0.2 g of wounded leaves of
A. thaliana by the addition of 1.5 ml of chloroform/methanol (1:2,
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v/v) and incubation at 6˚C for 4 h. The above mentioned inter-
nal standards were added. The extract was centrifuged at 450 × g
at 4˚C for 10 min and the supernatant was stored under argon
atmosphere at −20˚C. The pellet was resolved in 1.5 ml of chlo-
roform/methanol (2:1, v/v), incubated for 20 h and centrifuged
at 450 × g at 4˚C for 10 min. The resulting supernatant of both
extraction steps were combined and 0.7 ml of 0.45% (w/v) sodium
chloride was added. After manual shaking the mixture was cen-
trifuged at 450 × g at 4˚C for 5 min and sodium sulfate was added
to the organic phase in order to remove residual water from the
sample. The total lipid extract was dried under streaming nitro-
gen and the remaining lipids were re-dissolved in 0.5 ml methanol
and stored under argon atmosphere at −20˚C. About 0.1 ml of
each individual sample was used for the quantification of non-
esterified JA, OPDA, and dnOPDA whereas the remaining sample
was used for the identification and quantification of galactolipid
species and their oxidized derivatives. In experiments where 2.0 g
of plant material were used, the volume of the extraction solvents
adjusted adequately.

CHLOROFORM/METHANOL EXTRACTION (ACCORDING TO HEINZ AND
TULLOCH, 1969)
Total lipids were extracted in a procedure similar to the one of Bligh
and Dyer (1959) described above with the following modifications:
the composition of chloroform/methanol in both extraction steps
was 1:1 (v/v) instead of 1:2 (v/v) and 2:1 (v/v) in the first and in
the second step, respectively.

METHYL tert -BUTYL ETHER EXTRACTION (ACCORDING TO MATYASH
ET AL., 2008)
Wounded leaves of A. thaliana were incubated with 1.5 ml
methanol containing the above mentioned internal standards
under constant shaking. Five microliter of methyl tert -butyl ether
were added and the resulting mixture was shaken for 1 h in the
dark. About 1.25 ml of water was added and after manual shaking
and incubation at room temperature for 10 min, the extract was
centrifuged at 450 × g at 4˚C for 15 min. The upper phase was
stored under argon atmosphere at −20˚C and the lower phase was
re-extracted with 1.4 ml of methanol/water (3:2.5, v/v) and 2.5 ml
of methyl tert -butyl ether. After manually shaking the mixture
was incubated at room temperature for 10 min and centrifuged at
450 × g at 4˚C for 15 min. The resulting upper phase was com-
bined with the one from the first reaction step and dried under
streaming nitrogen. The remaining lipids were re-dissolved in
0.5 ml of methanol and stored under argon atmosphere at −20˚C.
For the quantification of non-esterified JA, OPDA, and dnOPDA,
0.1 ml of each individual sample was used. The remaining sample
was used for the quantification of galactolipid species and their
oxidized derivatives.

SEPARATION OF LIPID CLASSES BY SPE
The lipid extract was dried under streaming nitrogen and remain-
ing lipids were re-dissolved in 1 ml of chloroform. The solution
was applied on SPE column (Strata SI-1 Silica, 500 mg/6 ml; Phe-
nomenex, Aschaffenburg, Germany) which was pre-equilibrated
with 1 ml of chloroform. Neutral lipids were eluted from the
column with 14 ml of chloroform, while galactolipids were

eluted with 15 ml of acetone/2-propanol (9:1, v/v). The galac-
tolipid fraction was dried under streaming nitrogen and subse-
quently re-dissolved in 0.5 ml of methanol and stored at −20˚C
until use.

IDENTIFICATION AND QUANTIFICATION OF GALACTOLIPID SPECIES
VIA HPLC/MS2

Galactolipid species were identified by using a HPLC Surveyor sys-
tem (Thermo Finnigan, San Jose, CA, USA) equipped with an EC
50/2 Nucleodur C18 column, gravity 1.8 μm (50 mm × 2.1 mm,
1.8 μm particle size; Macherey and Nagel, Düren, Germany) and
with a PDA coupled with an LCQ Advantage mass spectrometer
(Thermo Finnigan, San Jose, CA, USA). A ternary gradient sys-
tem consisting of acetonitrile as solvent A, water as solvent B, and
2-propanol as solvent C was used. The gradient program started
with an isocratic run at 50% of each solvent A and B for 10 min,
followed by a linear gradient reaching 85% of solvent A and 15%
of solvent B within 5 min, then continued with a linear gradient
reaching 34% of solvent A, 6% of solvent B, and 60% of solvent
C within 20 min and followed by an isocratic run for 20 min. The
flow rate was 0.2 ml/min.

For analysis the dried sample was re-dissolved in 16 μl of
methanol. By using the partial loop injection mode, 4 μl of the
sample were injected. The tray temperature was at 10˚C and col-
umn temperature was at 25˚C. The Surveyor PDA was performed
to collect spectral absorbance from 200 nm up to 340 nm. The
MS analysis was performed in positive (MGD and DGD species)
and negative (SQD species) ESI mode and the resulting ions were
collected in a mass range of 450–1,500 amu in full scan mode.
The ion spray voltage was 4 kV, capillary voltage was 28 V, the
flow rate of the sheath gas was at 30 arbitrary units (arb) and
the auxiliary gas flow rate at 10 arb. The temperature of the ion
transfer capillary was either at 200˚C to detect the ammonium
adducts [M + NH4]+ or at 310˚C in addition to the setting-up
of the collision energy (CE) of the source fragmentation mode
at 40 V in order to analyze the sodium adducts [M + Na]+. For
ion identification the data-dependent scan mode was used or
alternatively specific MS/MS experiments were performed. The
CE was 2 V. For quantification of the galactolipid species, the
HPLC/MS analysis was performed without PDA detection and in
full scan MS mode without using data-dependent MS/MS scan
mode. The capillary temperature was at 200˚C and for quan-
tification of MGD and DGD species the ammonium adducts
were used. SQD species were analyzed and quantified as depro-
tonated molecular ion ([M − H]−) in the negative ESI mode
using the same MS conditions described above (Table 2). The
molar values of the galactolipid species were quantified by using
a defined amount of 17:0/17:0-MGD as internal extraction stan-
dard. The data were smoothed and peak areas were integrated
using Xcalibur™software version 1.4 (Thermo Finnigan, San Jose,
CA, USA).

IDENTIFICATION OF THE ACYL SIDE CHAINS USING HPLC/TOF-MS AND
GC/MS
Unknown fatty acids and the respective derivatives esterified either
to the glycerol backbone or the galactosyl moiety of MGD and
DGD were identified by using a combination of HPLC/TOF-MS
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and GC/MS analyses. For this purpose on the one hand the accu-
rate mass of a galactolipid species was determined by using an
orthogonal TOF mass spectrometer (LCT Premier™; Waters Cor-
poration, Milford, USA) that was coupled to the same RP-HPLC
system as described above. The same solvent system and gradient
elution profile were used. The TOF-MS analysis was performed in
positive ESI mode using the W optic system of the mass analyzer
and with a mass resolution larger than 104. Data were acquired
by MassLynxTM software (Waters Corporation, Milford, USA) in
centroided format over a mass range of 400–1,200 amu with scan
duration of 0.5 s and interscan delay of 0.1 s. The capillary voltage
was maintained at 2.7 kV and the cone voltage at 30 V. The desolva-
tion and source temperature were set at 250 and 80˚C, respectively.
Nitrogen was used as cone gas and desolvation gas at a flow rate
of 30 and 600 l h−1, respectively. For accurate mass measurement
of <5 ppm root mean squared, the TOF mass spectrometer was
calibrated with 0.01% (v/v) phosphoric acid in acetonitrile/water
(50:50, v/v) and the dynamic range enhancement mode was used
for data recording. All analyses were monitored by using leucine–
enkephalin ([M + H]+ 556.2771 as well as the 2 × 13C isotopomer
[M + H]+ 558.2828 (Sigma-Aldrich, Steinheim, Germany) as lock
spray reference compound at a concentration of 1 μg ml−1 in
acetonitrile/water (50:50, v/v) and at a flow rate of 20 μl min−1

delivered by a 515 HPLC pump (Waters Corporation, Milford,
USA).

In order to identify and characterize esterified fatty acids as
well as esterified oxylipins in more detail on the other hand GC/MS
analysis was employed. For this purpose fatty acids were converted
to the corresponding methyl esters by a transesterification reac-
tion that was performed according to op den Camp et al. (2003).
Briefly, the galactolipid fraction from SPE was dried under stream-
ing nitrogen and 330 μl of toluene/methanol (2:1, v/v) and 170 μl
of sodium methoxide solution (0.5 M in methanol; Sigma-Aldrich,
Steinheim, Germany) were added and incubated for 20 min at
room temperature. Then 500 μl of saturated sodium chloride
solution and 50 μl of 32% (v/v) hydrochloride acid were added.
The resulting methyl esters were extracted three times with 1 ml
of hexane each. The combined organic phases were dried under
streaming nitrogen; remaining methyl esters were re-dissolved in
10 μl of acetonitrile and stored under argon atmosphere at - 20˚C
until use.

In case of hydroxy fatty acid derivatives, the sample was addi-
tionally treated with 1–2 μl N,O-bis(trimethylsilyl)trifluoroace
tamide (Sigma-Aldrich, Steinheim, Germany) directly before
analysis.

For identification of the double bond positions of esterified
fatty acids, DMOX derivatives of the esterified fatty acids were
injected to GC/MS in addition to the corresponding fatty acid
methyl esters. DMOX derivatization of fatty acids that are ester-
ified to galactolipid backbones was performed according to Fay
and Richli (1991). The galactolipid fraction from SPE was dried
under streaming nitrogen and 200 μl of 2-amino-2-methyl-1-
propanol solution (Sigma-Aldrich, Steinheim, Germany) were
added. The reaction mixture was enriched with argon to elimi-
nate autooxidation and incubated for 18 h at 180˚C. After cool-
ing at room temperature DMOX derivatives were extracted with
1 ml of dichloromethane, 5 ml of hexane, and 2 ml of water. The

organic phase was dried under streaming nitrogen and the remain-
ing DMOX derivatives were re-dissolved in 30 μl chloroform.
DMOX derivatives were purified by thin layer chromatography
(silica gel 60, 20 cm × 20 cm; Merck, Darmstadt, Germany) using
a petrol ether/diethyl ether (2:1, v/v) system. DMOX derivatives
were extracted from the silica gel by adding 0.4 ml of water, 2 ml
of methanol, 2 ml of chloroform, and 2 ml of saturated sodium
chloride solution. Residual water was removed from the organic
phase by the addition of sodium sulfate. The resulting DMOX
derivatives were dried under streaming nitrogen, re-dissolved in
10 μl acetonitrile and stored at −20˚C until use.

Gas chromatography/MS was carried out using an Agilent 5973
network mass selective detector connected to an Agilent 6890
GC equipped with a capillary HP-5 column (30 m × 0.25 mm,
0.25 μm coating thickness; J&W Scientific, Agilent, Waldbronn,
Germany). Helium was used as carrier gas at a flow of 1 ml min−1.
The temperature gradient was as follows: 150˚C for 1 min, 150–
200˚C at 4 K min−1, 200–250˚C at 5 K min−1, 250–320˚C at
20 K min−1, and 320˚C hold for 15 min. Mass range was set of
50–650 amu. Electron energy of 70 eV, an ion source temperature
of 230˚C and a temperature of 320˚C for the transfer liner were
used.

QUANTIFICATION OF NON-ESTERIFIED OXYLIPINS USING
HPLC/QLIT-MS ANALYSIS
For the quantification of non-esterified oxylipins JA, OPDA, and
dnOPDA in the total lipid extracts HPLC–QLIT-MS were utilized.
About 1/5 of the total lipid extract was dried under streaming
nitrogen and re-dissolved in 100 μl acetonitrile/water/acetic acid
(20:80:0.1, v/v/v). The analysis was carried out using an Agilent
1100 HPLC system (Agilent,Waldbronn, Germany) equipped with
an EC 50/2 Nucleodur C18, gravity 1.8 μm column (50 × 2, 1.8 μm
particle size; Macherey and Nagel, Düren, Germany) and coupled
to an Applied Biosystems 3200 hybrid triple quadrupole/linear
ion trap mass spectrometer (MDS Sciex, ON, Canada). Nano-
electrospray ionization (nanoESI) analysis was achieved using a
chip ion source (TriVersa NanoMate; Advion BioSciences, Ithaca,
NY, USA). A binary gradient system was used: solvent A, acetoni-
trile/water/acetic acid (20:80:0.1, v/v/v) and solvent B, acetoni-
trile/acetic acid (100:0.1, v/v) with the following gradient program:
90% solvent A and 10% solvent B for 2 min, followed by linear
increase of solvent B up to 90% within 6 min and an isocratic
run at 10% solvent A and 90% solvent B for 2 min. The flow
rate was 0.3 ml min−1. For stable nanoESI, 100 μl min−1 of 2-
propanol/acetonotrile/water/formic acid (70:20:10.0.1, v/v/v/v)
were added just after the column via a mixing tee valve. By
using another post column splitter 990 nl min−1 of the eluent
were directed to the nanoESI chip. Ionization voltage was set to
−1.7 kV. The non-esterified oxylipins were ionized in a negative
mode and determined in multiple reactions monitoring mode.
The mass transitions were as follows: 215/59 [declustering poten-
tial (DP) −45 V, entrance potential (EP) −9.5 V, CE −22 V] for
D6-JA, 209/59 (DP −45 V, EP −9.5 V, CE −22 V) for JA, 296/170
(DP −70 V, EP −8.5 V, CE −28 V) for D5-OPDA, 291/165 (DP
−70 V, EP −8.5 V, CE −28 V) for OPDA, and 263/59 (DP −70 V, EP
−8.5 V, CE −28 V) for dnOPDA. The mass analyzers were adjusted
to a resolution of 0.7 amu full width at half-height. The ion source
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temperature was 40˚C and the curtain gas was set at 10 arb. The
data were smoothed and peak areas were integrated using Applied
Biosystems Analyst software. The quantification was carried out
by comparison to two internal standards D6-JA and D5-OPDA
using a calibration curve (unlabeled/deuterium-labeled) vs. molar
amounts of unlabeled (0.3–1,000 pmol).
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APPENDIX

FIGURE A1 | EI–MS spectra of methyl ester and trimethylsilyl

ester/trimethylsilyl ether derivatives of methyl-branched ketols.

(A) Racemic methyl ester of 17-methyl-α-/γ-ketol-18:2 (B) Trimethylsilyl

ester/trimethylsilyl ether of 17-methyl-α-/γ-ketol-18:2 (C) Racemic methyl
ester of 17-methyl-α-/γ-ketol-16:2 (D) Trimethylsilyl ester/trimethylsilyl ether of
17-methyl-α-/γ-ketol-16:2.
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Table A1 | Non-oxidized MGD species identified in wounded A. thaliana leaves.

Sum

formula

Carbons:number of

double bonds-

galactolipid

class

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C43H70O10 34:6-MGD 18:3/16:3-MGD 764.5 585.2/567.3 769.5 491.2/519.2 26.4 737.5 ± 166.3

C43H72O10 34:5-MGD 18:3/16:2-MGD 766.5 587.2/569.3 771.5 493.2/519.2 28.6 215.1 ± 25.4

18:2/16:3-MGD 491.2/519.2

C43H74O10 34:4-MGD 18:3/16:1-MGD 768.6 589.2/571.3 773.5 495.3/519.2 30.5 221.1 ± 40.5

18:2/16:2-MGD 493.3/521.3

18:1/16:3-MGD 491.3/523.2

C43H76O10 34:3-MGD 18:3/16:0-MGD 770.6 591.2/573.4 775.5 497.3/519.5 32.3 86.8 ± 15.2

18:2/16:1-MGD 495.2/521.3

18:1/16:2-MGD 493.3/523.3

C43H78O10 34:2-MGD 18:2/16:0-MGD 772.6 593.1/575.3 777.5 497.2/521.2 34.2 46.5 ± 10.6

18:1/16:1-MGD 495.2/523.3

C43H80O10 34:1-MGD 18:1/16:0-MGD 774.6 595.2/577.2 779.6 497.2/523.2 35.6 76.8 ± 14.9

18:0/16:1-MGD 495.2/525.2

C44H78O10 35:3-MGD 18:3/methyl-

16:0-MGD

784.5 605.2/587.2 789.5 511.3/519.2 33.7 4.9 ± 1.8

C45H74O10 36:6-MGD 18:3/18:3-MGD 792.6 613.3/595.5 797.5 519.2 28.5 511.5 ± 88.1

C45H76O10 36:5-MGD 18:2/18:3-MGD 794.6 615.3/597.3 799.5 519.2–521.2 30.8 174.4 ± 36.6

C45H78O10 36:4-MGD 18:3/18:1-MGD 796.6 617.3/599.3 801.5 519.15–523.16

521.3

32.5 61.7 ± 12.9
18:2/18:2-MGD

C45H80O10 36:3-MGD 18:0/18:3-MGD 798.6 619.03/601.3 803.6 519.3–525.3 34.6 12.1 ± 2.5

18:2/18:1-MGD 523.3/521.2

C45H82O10 36:2-MGD 18:0/18:2-MGD 800.6 621.2/603.2 805.6 521.2/525.1 35.8 2.8 ± 1.1

18:1/18:1-MGD 523.2

aFragment ions corresponding to [M-monoGal-NH4]+ (equals to [M-C6H11O5-NH4]+) or [M-monoGal-O-NH4]+ (equals to [M-C6H11O6-NH4]+); respectively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2

COO−
).

cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” Indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” indicates ion intensities of both ions were almost the

same and therefore, sn1/sn2 composition could not be deduced.
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Table A2 | Oxidized MGD species identified in wounded A. thaliana leaves.

Sum

formula

Identified galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C39H64O12 Traumatic acid/18:3-MGD 742.5 562.9 747.5 469.1/519.2 29.8 6.5 ± 4.1

C43H68O11 OPDA/16:3-MGD (MGD-O)

18:3/dnOPDA-MGD (Ara-F)

778.5 599.1/581.2 783.5 491.2/533.2 17.6 72.4 ± 28.1
505.2/519.2

C43H70O11 OPDA/16:2-MGD 780.5 583.3/601.1 785.5 493.2/533.2 19.6 7.8 ± 6.8

C43H70O11 18:2/dnOPDA-MGD 780.5 583.3/601.1 785.5 505.2/521.2 20.9 6.9 ± 5.4

C43H74O11 16:0/OPDA-MGD 784.6 605.3/587.2 789.5 533.3/497.2 25.6 2.1 ± 0.6

C43H66O12 OPDA/dnOPDA-MGD (Ara-A) 792.5 613.1/595.3 797.4 505.2/533.2 9.2 194.0 ± 184.7

C43H70O12 (HPOT/ketol-18:2)/16:3-MGD 796.6 617.3/599.2 801.5 491.2/551.2 17.1 79.8 ± 34.9

C43H66O13 (PPA1/PPB1)/dnOPDA-MGD 808.6 629.3/611.3 813.5 505.2/549.1 14.26 0.8 ± 0.7

C43H68O13 (HPOT/ketol-18:2)/dnOPDA-MGD 810.6 631.2/613.2 815.5 505.2/551.3 5.4 5.5 ± 2.5

C43H68O13 OPDA/(ketol-16:2/HPHT)-MGD 810.6 631.2/613.2 815.5 523.2/533.2 7.8 4.1 ± 3.8

C44H72O12 Methyl-ketol-18:2/16:3-MGD 810.5 631.2/613.2 815.5 491.2/565.3 19.15 257.1 ± 80.6

C44H72O12 18:3/methyl-ketol-16:2-MGD 810.6 631.2/613.2 815.5 537.3/519.2 19.8 97.2 ± 111.1

C44H74O12 Methyl-ketol-18:2/16:2-MGD 812.5 633.2/615.3 817.5 493.2/565.3 21.4 25.4 ± 15.9

C44H76O12 16:1/methyl-ketol-18:2-MGD 814.5 635.2/617.2 819.5 565.2/495.3 23.7 2.7 ± 1.2

18:1/methyl-ketol-16:2-MGD 537.2/523.2

C44H70O13 Methyl-ketol-18:2/dnOPDA-MGD 824.5 645.2/627.3 829.5 505.2/565.3 15.2 4.0 ± 2.1

C44H70O13 OPDA/methyl-ketol-16:2-MGD 824.5 645.2/627.3 829.5 537.3/533.3 14.5 75.3 ± 52.8

C44H72O14 (HPOT/ketol-18:2)/methyl-ketol-

16:2-MGD

842.5 663.2/645.3 847.5 537.2/551.3 13 3.8 ± 1.9

C44H72O14 Methyl-ketol-18:2/(HPHT/ketol-

16:2)-MGD

842.5 663.2/645.3 847.5 523.2/565.2 13.4 5.4 ± 2.3

C45H72O11 OPDA/18:3-MGD 806.5 627.1/609.2 811.5 519.2/533.2 20.2 29.1 ± 14.8

C45H72O11 18.3/OPDA-MGD 806.5 627.1/609.2 811.5 533.2/519.2 21.8 14.2 ± 4.8

C45H74O11 OPDA/18:2-MGD 808.6 629.3/611.2 813.5 521.2/533.2 23 3.6 ± 1.6

C45H74O11 HOT/18:3-MGD 808.6 629.3/611.2 813.5 519.2/535.2 21.1 11.8 ± 4.5

C45H74O11 18:3/HOT-MGD 808.6 629.3/611.2 813.5 535.2/519.3 23.7 3.4 ± 2.9

C45H76O11 OPDA/18:1-MGD 810.5 631.2/613.2 815.5 523.2/533.3 25.8 n.q.

C45H70O12 OPDA/OPDA-MGD (Ara-B) 820.5 641.5/623.5 825.5 533.2 14.5 47.3 ± 22.5

C45H76O12 HOT/HOD-MGD 826.6 647.3/629.2 831.5 537.2/535.2 15 17.8 ± 13.2

C45H76O12 18:3/(HPOD/ketol-18:1)-MGD 826.6 647.3/629.2 831.5 553.2/519.3 16.4 2.6 ± 1.7

C45H72O13 OPDA/(HPOT/ketol-18:2)-MGD 838.5 659.1/941.2 843.5 551.2/533.2 13.6 n.q.

C45H74O14 Methyl-ketol-18:2/methyl-ketol-

16:2-MGD

856.5 677.2/659.3 861.5 537.2/565.2 15.7 65.5 ± 34.3

C46H76O12 18:3/methyl-ketol-18:2-MGD 838.5 659.2/641.1 843.5 519.2/565.2 22 n.q.

C46H78O12 18:2/methyl-ketol-18:2-MGD 840.2 661.2/643.2 845.5 565.3/521.2 24.6 n.q.

C46H74O13 OPDA/methyl-ketol-18:2-MGD 852.5 655.2/673.0 857.5 565.2/533.4 15.9 n.q.

C46H76O14 (HPOT/ketol-18:2)/methyl-ketol-

18:2-MGD

870.5 691.2/673.3 875.5 565.3/551.3 15.17 n.q.

C47H78O14 Methyl-ketol-18:2/methyl-ketol-

18:2-MGD

884.5 705.1/687.2 889.5 565.5 16.9 n.q.

aFragment ions corresponding to [M-monoGal-NH4]+ (equals to [M-C6H11O5-NH4]+) or [M-monoGal-O-NH4]+ (equals to [M-C6H11O6-NH4]+), respectively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” Indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” indicates that ion intensities of both ions were almost

the same and therefore, sn1/sn2 composition could not be deduced.

n.q., Species not quantified.
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Ibrahim et al. Analysis of galactolipids in A. thaliana

Table A3 | Non-oxidized DGD species identified in wounded A. thaliana leaves.

Sum

formula

Number of

acyl carbons:

number of

double

bonds-

galactolipid

class

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0

0.5 h

(nmol g−1)c

C49H80O15 34:6-DGD 18:3/16:3-DGD 926.6 585.2/567.3 931.5 653.3/681.3 22.3 294.5 ± 65.0

C49H82O15 34:5-DGD 18:3/16:2-DGD 928.6 587.2/569.2 933.6 655.3/681.3 25.5 123.2 ± 27.7

C49H84O15 34:4-DGD 18:3/16:1-DGD

18:2/16:2-DGD

930.6 589.2/571.2 935.6 657.2–681.3 28.5 46.3 ± 10.7
655.2/683.2

C49H86O15 34:3-DGD 16:0/18:3-DGD 932.6 591.1/573.2 937.6 681.3/659.4 31.5 351.9 ± 107.0

C49H88O15 34:2-DGD 18:2/16:0-DGD 934.6 593.05/575.3 939.6 659.2/683.2 33.1 166.4 ± 67.4

C49H90O15 34:1-DGD 18:1/16:0-DGD 936.6 595.03/577.3 941.6 659.3/685.3 34.7 75.6 ± 25.8

C49H92O15 34:0-DGD 18:0/16:0-DGD 938.7 596.9/579.3 943.6 659.3/687.2 36.4 8.0 ± 3.8

C50H82O15 35:6-DGD 18:3/methyl-16:3-DGD

methyl-16:3/18:3-DGD

940.6 599.1/581.3 945.6 667.3–681.3 24.1 26.3 ± 7.6
681.2/667.2

C50H86O15 35:4-DGD Methyl-16:1/18:3-DGD 944.6 603.2/585.2 949.5 681.1/671.1 30.1 3.5 ± 0.3

C50H88O15 35:3-DGD 18:3/methyl-16:0-DGD 946.6 604.9/587.2 951.6 673.2/681.2 32.3 16.1 ± 6.1

C50H90O15 35:2-DGD 18:2/methyl-16:0-DGD

16:0/methyl-18:2-DGD

948.6 607.1/589.2 953.6 673.2/683.3 33.8 3.9 ± 0.9
697.1/659.2

C50H92O15 35:1-DGD 18:1/methyl-16:0-DGD

methyl-18:1/16:0-DGD

950.6 609.2/591.3 955.6 673.2/685.2 35.3 3.5 ± 2.9
659.2/699.1

C51H84O15 36:6-DGD 18:3/18:3-DGD 954.6 613.3/595.3 959.6 681.3 27.8 416.9 ± 104.2

C51H86O15 36:5-DGD 18:3/18:2-DGD 956.6 615.3/597.3 961.6 681.2/683.2 29.6 57.8 ± 23.8

C51H88O15 36:4-DGD 18:3/18:1-DGD

18:2/18:2-DGD

958.6 617.2/599.3 963.6 681.4/685.4 31.1 10.4 ± 6.6
683.4

C51H90O15 36:3-DGD 18:0/18:3-DGD 960.6 619.2/601.3 965.6 681.2/687.2 33.6 72.9 ± 22.8

C51H92O15 36:2-DGD 18:0/18:2-DGD 962.7 621.2/603.2 967.6 683.2/687.2 34.7 11.6 ± 4.4

C51H94O15 36:1-DGD 18:0/18:1-DGD 964.7 623.2/605.2 969.6 685.2/687.2 36.3 1.7 ± 0.8

C51H96O15 36:0-DGD 20:0/16:0-DGD 966.6 625.1/607.2 971.6 659.4/715.4 37.8 2.2 ± 1.9

C52H88O15 37:5-DGD Methyl-18:2/18:3-DGD 970.6 629.03/613.2 975.6 681.4/697.4 30.2 n.q.

C52H90O15 37:4-DGD Methyl-20:1/16:3-DGD

18:3/methyl-18:1-DGD

972.5 631.2/613.2 977.5 653.2/727.3 32.3 2.7 ± 1.7
966.4/681.4

C53H88O15 38:6-DGD 20:3/18:3-DGD 982.5 641.2/623.2 987.5 681.2/709.2 29.8 15.9 ± 5.4

C53H92O15 38:4-DGD 18:3/20:1-DGD

20:1/18:3-DGD

986.5 645.2/627.2 991.5 713.3/681.5 33.1 n.q
681.5/713.3

C53H94O15 38:3-DGD 20:0/18:3-DGD 988.6 647.1/629.2 993.6 681.2/715.1 35.3 2.5 ± 1.2

aFragment ions corresponding to [M-monoGal-NH4]+ (equals to [M-C6H11O5-NH4]+) or [M-monoGal-O-NH4]+ (equals to [M-C6H11O6-NH4]+), respectively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” Indicates that ion intensities of both ions were almost

the same and therefore, sn1/sn2 composition could not be deduced.

n.q., Species not quantified.
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Ibrahim et al. Analysis of galactolipids in A. thaliana

Table A4 | Oxidized DGD species identified in wounded A. thaliana leaves.

Sum

formula

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C49H78O16 OPDA/16:3-DGD 940.5 559.1/581.3 945.5 667.3/681.3 15.5 2.6 ± 1.1

18:3/dnOPDA-DGD

C49H84O16 OPDA/16:0-DGDII 946.6 604.9/587.2 951.6 659.3–695.3 21.1 22.8 13.2 ± 5.1

16:0/OPDA-DGDII

C49H76O17 OPDA/dnOPDA-DGD (Ara-C) 954.5 613.1/595.3 959.5 667.3/695.3 3.6 7.9 ± 3.3

C50H82O17 18:3/methyl-ketol-16:2-DGD 972.6 631.1/613.1 977.5 699.2/681.4

699.2/681.2

16.7 5.5 ± 2.6
Methyl-ketol-18:2/16:3-DGD

Methyl-ketol-18:2/16:0-DGD

C50H88O17 16:0/methyl-ketol-18:2-DGD 978.5 637.2/619.2 983.5 659.2/727.3 23.4 23.7 5.6 ± 3.1

727.2/659.3

C51H82O16 OPDA/18:3-DGDII;

18:3/OPDA-DGDII

968.6 627.1/609.2 973.5 681.3–695.3 17.1 18.3 30.2 ± 9.8

C51H84O16 HOT/18:3-DGD 970.5 629.0/611.3 975.6 681.3/697.4 18.6 2.5 ± 1.1

C51H84O16 OPDA/18:2-DGD 970.5 629.0/611.3 975.6 683.3/695.4 29.7 5.3 ± 1.1

C51H86O16 18:1/OPDA-DGD 972.6 631.1/613.1 977.5 695.2/685.3 21.5 1.7 ± 0.3

C51H80O17 OPDA/OPDA-DGD (Ara-D) 982.6 641.1/623.5 987.5 695.3 7.2 40.7 ± 29.9

C51H84O17 18:3/(HPOT/ketol-18:2)-DGD

(HPOT/ketol-18:2)/18:3-DGD

986.5 645.2/627.2 991.5 713.3/681.5 16.3 n.q
681.5/713.3

C51H88O17 18:0/(PPA1/PPB1)-DGD 990.5 649.2/631.2 995.5 711.1/687.2 24.1 0.2 ± 0.2

C51H82O18 OPDA/(HPOT/ketol-18:2)-

DGD

1000.6 659.2/641.2 1005.5 713.2/695.3 5.6 1.2 ± 0.7
713.2/695.3

C51H84O19 Methyl-ketol-18:2/methyl-

ketol-16:2-DGD

1018.5 677.2/659.2 1023.6 699.3/727.3 12.2 0.3 ± 0.3 .9

C52H86O17 Methyl-ketol-18:2/18:3-DGD 1000.5 659.2/641.2 1005.5 681.3/727.4 18.3 67.0 ± 34

C52H88O17 18:2/methyl-ketol-18:2-DGD 1002.5 660.7/643.2 1007.5 727.2/683.2 20.4 4.9 ± 3.3

C52H90O17 Methyl-ketol-18:2/18:1-DGD 1004.5 662.9/645.3 1009.5 685.2/727.2 23.8 0.5 ± 0.4

C52H84O18 OPDA/methyl-ketol-18:2-

DGD

1014.5 673.2/655.2 1019.5 695.3/727.3 12.6 8.1 ± 8.1

C52H84O19 Methyl-ketol-

18:2/(PPA1/PPB1)-DGD

1030.5 689.2/671.2 1035.5 711.2/727.3 13.4 1.0 ± 0.7

C53H88O19 Methyl-ketol-18:2/methyl-

ketol-18:2-DGD

1046.5 705.2/687.2 1051.6 727.3 14.9 13.1 ± 7.5

aFragment ions corresponding to [M-diGall-NH4]+ (equals to [M-C12H20O10-NH4]+) or [M-diGal-O-NH4]+ (equals to [M-C12H20O10-NH4]+), respectively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” Indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” indicates that ion intensities of both ions were almost

the same and therefore, sn1/sn2 composition could not be deduced.
IIThe sn1/sn2 composition of the isobaric species could not be identified based on the fragment ion patterns but was predicted based on the chromatographic separation

since oxidized acyl side chains at sn1 position appear to increase the polarity of the molecule in comparison to the galactolipid species with the opposite sn1/sn2

composition.

n.q., Species not quantified.
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Ibrahim et al. Analysis of galactolipids in A. thaliana

Table A5 | Non-oxidized acylated MGD species identified in wounded A. thaliana leaves.

Sum

formula

Number of acyl

carbons:number

of double

bonds-

galactolipid

class

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C59H94O11 50:9-AMGD 18:3/16:3-MGD-16:3 996.7 585.2/567.3 1001.7 723.4/751.3 34.5 23.6 ± 13.8

C59H100O11 50:6-AMGD 18:3/16:3-MGD-16:0 1002.7 585.3/567.3 1007.7 729.6/757.4 38.5 2.0 ± 1.2

C59H102O11 50:5-AMGD 18:2/16:3-MGD-16:0 1004.5 587.2/569.3 1009.5 729.4/759.5 40.2 0.5 ± 0.306

18:3/16:2-MGD-16:0 731.5/757.4

C61H98O11 52:9-AMGD 18:3/16:3-MGD-18:3 1024.7 585.2/567.4

613.3/595.5

1029.7 751.6/779.5 36.3 69.8 ± 41.9
18:3/18:3-MGD-16:3

C61H104O11 52:6-AMGD 18:3/18:3-MGD-16:0 1030.7 613.3/595.5

591.2/573.4

1035.7 757.5 40.3 1.4 ± 1.1
18:3/16:0-MGD-18:3 757.5/779.4

C63H102O11 54:9-AMGD 18:3/18:3-MGD-18:3 1052.8 613.3/595.3 1057.7 779.4 37.5 90.0 ± 40.9

C63H104O11 54:8-AMGD 18:3/18:3-MGD-18:2 1054.5 613.3/595.5 1059.5 781.5 38.6 0.8 ± 0.4

18:3/18:2-MGD-18:3 615.3/597.3 781.5/779.2

C63H106O11 54:7-AMGD 18:3/18:2-MGD-18:2 1056.5 615.3/597.3

617.3/599.3

1061.5 783.5/781.5 40.1 0.3 ± 0.4
781.518:2/18:2-MGD-18:3

aFragment ions corresponding to [M-monoGal-snGal-NH4]+ (equals to [M-C6H11O5-snGal-NH4]+) or [M-monoGal-O-snGal-NH4]+ (equals to [M-C6H11O6-snGal-NH4]+), respec-

tively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” indicates that ion intensities of both ions were almost

the same and therefore, sn1/sn2 composition could not be deduced, snGal indicates the presence of an acyl residue linked to galactosyl moiety.
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Ibrahim et al. Analysis of galactolipids in A. thaliana

Table A6 | Oxidized acylated MGD species identified in wounded A. thaliana leaves.

Sum

formula

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0

0.5h

(nmol g−1)c

C59H90O13 OPDA/dnOPDA-MGD-16:3 1024.7 613.2/595.1 1029.6 737.4/765.5 24.9 3.5 ± 0.9

C59H96O13 OPDA/dnOPDA-MGD-16:0 1030.7 613.1/595.1 1035.7 743.5/771.5 30.1 20.5 ± 7.6

C59H88O14 OPDA/dnOPDA-MGD-

dnOPDA

1038.6 613.1/595.1 1043.6 751.4/779.4 18.3 7.5 ± 3.5

C61H96O12 OPDA/16:3-MGD-18:3 1038.5 613.2/595.3 1043.5 765.4/793.4/751.5 37.4 3.0 ± 3.0

18:3/16:3-MGD-OPDA 751.4/793.4/765.4

C61H104O12 18:1/16:1-MGD-OPDA 1046.7 593.1/575.3 1051.7 796.5/797.5/759.5 36.5 0.5 ± 0.3

C61H106O12 18:1/16:0-MGD-OPDA 1048.8 595.2/577.2 1053.7 771.3/797.2/761.8 37.8 0.3 ± 0.3

C61H94O13 OPDA/dnOPDA-MGD-18:3 1052.7 613.2/595.2

641.1/623.1

1057.6 765.4/793.4/779.4 27.1 11.4 ± 6.2
OPDA/OPDA-MGD-16:3 765.4/807.4

C61H96O13 OPDA/dnOPDA-MGD-18:2 1054.7 613.2/595.1 1059.7 767.4/795.5 28.3 1.8 ± 0.9

C61H98O13 OPDA/OPDA-MGD-16:1 1056.7 613.2/595.1 1061.7 769.5/807.4 29.7 1.8 ± 1.0

C61H98O13 OPDA/dnOPDA-MGD-18:1 1056.7 613.2/595.1 1061.7 769.5/807.4/779.5 30.1 2.6 ± 1.3

C61H100O13 OPDA/dnOPDA-MGD-18:0 1058.7 613.2/595.1 1063.7 771.4/799.5 31.8 1.0 ± 0.7

C61H100O13 OPDA/OPDA-MGD-16:0 1058.7 641.1/623.2 1063.7 771.5 31.1 13.0 ± 7.5

C61H92O14 OPDA/dnOPDA-MGD-OPDA

(Ara-E)

1066.7 613.5/595.3 1071.6 779.4/807.4 20.4 181.5 ± 76.1

C61H92O15 OPDA/dnOPDA-MGD-

(PPA1/PPB1)

1082.5 613.3/595.5 1087.5 795.4/823.5/779.6 19.9 2.6 ± 1.0

C61H94O15 OPDA/dnOPDA-MGD-

(HPOT/ketol-18:2)

1084.5 613.2/595.3 1089.5 797.4/825.3/779.5 19.4 0.9 ± 0.8

C61H94O15 OPDA/OPDA-MGD-

(HPHT/ketol-16:2)

1084.5 641.1/623.1 1089.5 797.2/807.4 19.4 n.q.

C63H100O12 18:3/18:3-MGD-OPDA 1066.7 613.3/595.5 1071.7 793.4 33.2 3.8 ± 1.2

C63H98O13 OPDA/OPDA-MGD-18:3 1080.7 641.1/623.1 1085.5 793.5/807.4 28.2 n.q.

C63H100O13 OPDA/OPDA-MGD-18:2 1082.7 641.1/623.2 1087.7 795.5/807.4 29.7 1.5 ± 1.0

C63H102O13 OPDA/OPDA-MGD-18:1 1084.7 641.1/623.1 1089.7 797.5/807.4 31.38 n.q.

C63H104O13 OPDA/OPDA-MGD-18:0 1086.5 641.1/623.1 1091.7 799.5/807.4 23.4 n.q.

C63H96O14 OPDA/OPDA-MGD-OPDA

(Ara-G)

1094.7 641.2/623.5 1099.7 807.5 22.5 67.7 ± 26.8

C63H98O16 OPDA/OPDA-MGD-

(HPOT/ketol-18:2)

1112.5 641.1/623.1 1117.5 825.4/807.5 20.7 n.q.

OPDA/methyl-ketol-16:2-

MGD-methyl-ketol-18:2

C63H100O16 Methyl-ketol-18:2 /dnOPDA-

MGD-methyl-ketol-18:2

1130.7 645.2/627.3 1135.5 843.4/839.4 23.1 n.q.
811.5/871.5

aFragment ions corresponding to [M-monoGal-snGal-NH4]+ (equals to [M-C6H11O5-snGal-NH4]+) or [M-monoGal-O-snGal-NH4]+ (equals to [M-C6H11O6-snGal-NH4]+), respec-

tively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/” Indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species; “–” means ion intensities of both ions were almost the same

and therefore, sn1/sn2 composition could not be deduced, snGal means acyl residue liked to galactosyl moiety.

n.q., Species not quantified.
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Table A7 | Oxidized acylated DGD species identified in wounded A. thaliana leaves.

Sum

formula

Identified galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C69H106O19 OPDA/OPDA-DGD-OPDA 1256.7 641.1/623.2 1261.7 969.5 18 9.4 ± 5.0

aFragment ions corresponding to [M-monoGal-snGal-NH4]+ (equals to [M-C6H11O5-snGal-NH4]+) or [M-monoGal-O-snGal-NH4]+ (equals to [M-C6H11O6-snGal-NH4]+), respec-

tively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).
cGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/”Indicates that ion intensity ratio pointed towards the sn1/sn2 composition of this galactolipid species; “–” means ion intensities of both ions were almost the same

and therefore, sn1/sn2 composition could not be deduced, snGal means acyl residue liked to galactosyl moiety.

Table A8 | Non-oxidized MGM species identified in wounded A. thaliana leaves.

Sum

formula

Number of

acyl carbons:

number of

double

bonds-

galactolipid

class

Identified

galactolipid

species

m/z Used for

head group

identification

[M + NH4]+

Fragment

ions of

[M + NH4]+ a

m/z Used for

side chains

identification

[M + Na]+

Fragment

ions of

[M + Na]+ b

RT

(minute)

Col-0 0.5 h

(nmol g−1)c

C27H50O9 18:1-MGD 18:1-MGM 536.4 356.8/339.0 n.d. n.d. 14.6 0.5 ± 0.4

264.9/247.0

C27H46O9 18:3-MGD 18:3-MGM 532.4 352.9/334.9 n.d. n.d. 5.6 28.8 ± 26.4

260.9/242.9

aFragment ions corresponding to [M–monoGal-snGal–NH4]+ (equals to [M–C6H11O5–snGal–NH4]+) or [M–monoGal–O–snGal–NH4]+ (equals to [M–C6H11O6–snGal–NH4]+),

respectively.
bFragment ions corresponding to [M + Na-sn1]+ or [M + Na-sn2]+, respectively (sn1/2 = Rsn1/sn2 COO−

).

“/”Indicates that ion intensity ratio pointed towards the sn1/sn2 composition of this galactolipid species; “–” means ion intensities of both ions were almost the same

and therefore, sn1/sn2 composition could not be deduced, snGal means acyl residue liked to galactosyl moiety.

Table A9 | Non-oxidized SQD species identified in wounded A. thaliana leaves.

Sum

formula

Identified galactolipid

species

m/z Used for head group

identification [M − H]−
Fragment ions of

[M − H]+
RT

(minute)

Col-0 0.5 h

(nmol g−1)a

C45H76O12S 18:3/18:2-SQD 839.6 283.0/559.2/561.2 29.9 17.8 ± 12.2

C43H78O12S 18:2/16:0-SQD 817.6 225.8/255.3/283.0/537.2/561.2 31.4 66.4 ± 47.0

C43H78O12S 18:2/16:0-SQD 817.6 255.3/283.0/537.3/561.2 32.7

C43H76O12S 18:3/16:0-SQD 815.6 225.0/255.4/283.1/537.2/559.2 31 502.9 ± 629.4

C41H78O12S 16:0/16:0-SQD 793.6 283.1/537.2 33.9 6.4 ± 6.5

C41H76O12S 16:1/16:0-SQD 791.6 535.1/537.2 32.5 0.3 ± 0.5

C41H72O12S 16:3/16:0-SQD 787.6 283.1/531.0/537.2 29.6 2.8 ± 3.8

aGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/”indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species.
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Table A10 | Oxidized SQD species identified in wounded A. thaliana leaves.

Sum formula Identified galactolipid species m/z Used for head group

identification [M − H]−
Fragment ions of

[M − H]+
RT (minute) Col-0 0.5 h

(nmol g−1)a

C57H96O15S HPHT/16:0-SQD 819.5 282.7/537.1/563.3 33.6 n.q

C46H76O14S 18:3/methyl-ketol-18:2-SQD 883.3 283.0/323.1/589.2/605.2 23.4 n.q

aGiven are the amounts of the respective species detected 30 min after mechanical wounding stimulus.

“/”indicates that ion intensity ratio pointed toward the sn1/sn2 composition of this galactolipid species.

n.q., Species not quantified.
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