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N-Acylethanolamine (NAE) inhibits growth
in Arabidopsis thaliana seedlings via
ABI3-dependent and -independent pathways
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N-Acylethanolamines (NAEs) are lipid metabolites derived from the hydrolysis of the membrane phospholipid
N-acylphosphatidylethanolamine (NAPE). Recent work in Arabidopsis thaliana seedlings showed that combined
treatments of NAE 12:0 and ABA inhibited seedling growth synergistically, suggesting low levels of NAE could potentiate
the action of ABA. Here we examined the interplay between compound concentrations, growth inhibition and mutant
genotypes with impaired sensitivities to these regulators. NAE 12:0 and ABA both induced dose-dependent increases
in transcript levels of ABI3, and two ABI3 responsive genes, AtHVA22B and RD29B. Interestingly, even in the absence of
growth inhibition, RD29B transcripts were elevated by ABA but not NAE treatment outside the sensitive window for
ABA/NAE treatment, indicating some differences in the regulation of growth and the modulation of gene expression by
these two compounds. Also noteworthy, the growth of ABA insensitive mutant (abi 3-7) seedlings was inhibited at higher
concentrations of NAE 12:0 but not ABA, suggesting that NAE may act to inhibit early seedling establishment by both
ABI3-dependent and ABI3-independent pathways. Collectively our results reinforce the concept that NAE12:0 interacts
with ABA signaling in seedling establishment, but also points to a complexity in this interaction that modulates the
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sensitivity of young seedlings to phytohormone-mediated growth arrest.

Introduction

N-Acylethanolamines (NAEs) are fatty acid amides that are
derived from an N-acylated phosphatidylethanolamine precur-
sor, a minor membrane lipid constituent of plant and animal
cells. NAEs were first reported as constituents of soy lecithin and
peanut meal in the 1950s.! The occurrence and metabolism of
NAE:s is conserved among the eukaryotic organisms,*? however,
the physiological functions of these lipids have been investigated
mostly in vertebrates. In animal systems NAEs have been deter-
mined to have roles as regulators of important physiological pro-
cesses such as embryo development, cell proliferation, immune
responses and apoptosis.?

There is accumulating evidence that plants also use NAEs
to regulate important physiological processes. This is sup-
ported by the identification of NAEs in a variety of plant tis-
sues and the fact that NAE levels vary due to environmental and
growth conditions.>> NAEs in plants, like animals, have potent
biological activities at low concentrations, such as activation
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of defense gene expression by NAE 14:0.>¢ In other work,
Arabidopsis seedlings treated with micromolar concentrations
of N-lauroylethanolamine (NAE 12:0) show marked develop-
mental abnormalities in roots, and these effects were specific for
short/medium chain acylethanolamides.” Endogenous levels of
NAEs drop dramatically from the micromolar levels typically
found in seeds to nanomolar levels during imbibition and ger-
mination in a variety of plant species, and remain low during
subsequent seedling growth.® This rapid depletion of NAEs sug-
gests that for normal seedling establishment to occur, a system
for NAE metabolism is required.

Key to understanding the functional roles of these lipids in
all organisms is to identify the mechanisms that regulate their
accumulation. NAEs in animal systems appear to be modulated
by their degradation to free fatty acids and ethanolamine by fatty
acid amide hydrolase (FAAH), a member of the amidase super-
family of proteins.” Thus, FAAH modulation of NAE levels has
become an important focus for understanding the mechanistic

action of the “endocannabinoid” signaling system in vertebrates."’
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Bioinformatic approaches and heterologous protein expression
led to the molecular identification of an amidohydrolase from
Arabidopsis thaliana that hydrolyzed a wide range of acyletha-
nolamides, including those in desiccated seeds. Research in the
last decade has made it apparent that NAE metabolism occurs in
plants by pathways analogous to those in vertebrates and inver-

tebrates,>!!

pointing to the possibility that these lipids may be
part of an evolutionarily conserved mechanism for the regulation
of physiology in multicellular organisms. With the evidence of
conserved enzymatic machinery in plants for the formation and
degradation of NAEs, and the potent biological effects caused
by altered exogenous NAE levels, it is now important to begin
to address the question of how altered FAAH expression would
affect NAE signaling in plants.

When FAAH is overexpressed, seeds are theoretically able to
remove NAEs more rapidly and the seedlings grow more rap-
idly.!* These seedlings are also able to grow in high levels of exog-
enous NAE."»" When AtFAAH is not expressed (by T-DNA
disruption), seeds cannot hydrolyze exogenous NAE as rapidly,
and seedling growth is severely inhibited in the presence of added
NAE 12:0."2 It is clear from these studies that FAAH expression
influences NAE metabolism in Arabidopsis seedlings.

The reduction in early seedling growth mediated by exogenous
NAE is similar to that caused by the plant hormone abscisic acid
(ABA).” ABA functions as a repressor of germination and aids
in modulating seedling growth.'"'® Activation of the ABA sig-
naling pathway leads to either immediate cellular changes such
as the release of intracellular calcium, nitric oxide, sphingolip-

ids and increases in reactive oxygen species”"

14,15,20

or to changes in
gene expression, especially ABA-responsive genes activated
by ABA-responsive elements (ABREs).* Addition of ABA to ger-
minated seeds inhibits seedling growth, leading to reduced root
length and smaller overall seedling size."”” The growth responses of
seedlings toward ABA are roughly similar to those toward NAE
12:0, and the levels of both of these negative growth regulators
are reduced during the course of normal seedling growth.">" It is
therefore possible that NAE metabolism may interact with ABA
signaling to produce changes in seedling growth and this hypoth-
esis was put forward and supported recently by several lines
experimental evidence.”? However, the relationship between ABA
signaling and NAE metabolism is made complicated by the recent
observation that the activity of FAAH toward NAE is indepen-
dent of the hypersensitivity of FAAH overexpressors to ABA.?%%

In this manuscript we build on our previous findings that
seedling development in Arabidopsis is in part mediated by con-
verging ABA and NAE signaling pathways.” Here we show that
an intact ABA signaling pathway is required for the synergistic
inhibition of seedling growth, yet higher levels of applied NAE
can inhibit seedling growth in plants with an interrupted ABA
signaling pathway whereas ABA cannot. In addition, the NAE/
ABA window of sensitivity is not affected by altering FAAH lev-
els; however, NAE can elevate ABA responsive gene expression
within this window but may not affect expression of ABA regu-
lated genes outside of it (i.e., RD29B). These results contribute
to the previous evidence that NAE functions via ABA-dependent
and ABA-independent mechanisms.
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Results

Altered FAAH metabolism affects the sensitivity of Arabidopsis
thaliana seedlings to NAE 12:0 and ABA and ABA-regulated
transcript abundance. Similar to our previous observations,”
NAE 12:0 induced a dose dependent reduction in growth of wild-
type Arabidopsis seedlings (Fig. 1A). In addition, the response of
Arabidopsis seedlings to exogenous NAE 12:0 was modified by
altering the expression of the NAE hydrolyzing enzyme FAAH
(Fig. 1A)."* Just as there was a dose dependent increase in growth
inhibition in the presence of exogenous NAE 12:0, there was a
corresponding increase of ABI3 expression (Fig. 1B). Other ABA-
regulated genes also displayed differentially regulated expression
associated with altered FAAH metabolism, where increased sen-
sitivity to NAE (faah) is accompanied by elevated ABI3 tran-
script levels, and decreased sensitivity to NAE (FAAH OE) is
accompanied by lower transcript levels of ABI3 (Fig. 1B).

Like NAE, exogenous ABA caused a dose dependent reduction
of seedling growth (Fig. 1C). Furthermore, FAAH overexpres-
sors demonstrated a hypersensitive response to ABA (Fig. 1C),
which was again consistent with our previous findings.'>* FAAH
knockouts on the other hand appeared to show a slight tolerance
to ABA (Fig. 1C). As with NAE, the seedlings with the highest
sensitivity to ABA induced growth inhibition also had the high-
est level of ABI3 transcripts (Fig. 1D).

ABI3 encodes a transcription factor that is a key regulator of
the seed to seedling transition.'® In previous work we showed
that ABI3 expression in seedlings is correlated with the extent
of seedling growth inhibition (i.e., seedlings with the strongest
growth inhibition showed the highest ABI3 transcript levels'?).
Here we expanded our previous conclusions by monitoring tran-
script levels of ABI3 in wild-type and FAAH altered seedlings
using a range of NAE 12:0 concentrations. We found that faah
knockouts, which displayed the greatest growth inhibition to
NAE 12:0, showed the highest ABI3 transcript levels even at
NAE 12:0 treatments that did not visibly affect seedling growth
(e.g., 10 wM; Fig. 1B). With FAAH overexpressors, induction of
ABI3 transcripts by NAE 12:0 was minimal even at high concen-
trations (e.g., >40 wM; Fig. 1B). Without FAAH to metabolize
NAE, very low levels of NAE (10 wM or lower) induced ABI3
and associated gene expression. This demonstrates that FAAH
may be a pivotal regulator of NAE responsive gene expression.

In addition to ABI3, AtHVA22B and RD29B transcript lev-
els were elevated by NAE 12:0 in a previous microarray study.”
Because these two genes have been shown to be regulated in part
by ABI3,* we examined their transcript levels in 7-day-old seed-
lings of WT, FAAH OE and faah seedlings grown in a range
of NAE 12:0 concentrations (Fig. 1B). Both AtHVA22B and
RD29B, showed a pattern of increased expression similar to ABI3
(Fig. 1B).

Because NAE and ABA both inhibited seedling growth in a
dose dependent manner (Fig. 1A and C) and the fact that both
metabolites are depleted during seed germination,”® the effects
of ABA treatment on the same genes above were characterized
by semi-quantitative real time RT-PCR. Like NAE-treated seed-
lings, ABA application enhanced the expression of ABI3 transcript
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(Fig. 1D). Furthermore, levels of ABI3 transcripts were lower in
Jaah seedlings and higher in FAAH OE seedlings compared to
WT at all levels of ABA treatment (Fig. 1D).

Combined NAE and ABA act to synergistically reduce arabi-
dopsis seedling growth and modulate ABA-regulated transcript
abundance. In our previous work, we found that the combined
application of ABA and NAE 12:0 resulted in a drastic reduction
in seedling growth compared to when the two metabolites were
applied separately (Fig. 2A).”® To determine whether the effect
of both compounds is additive or synergistic, we performed cal-
culations of overall growth after seedlings were treated. Using
the relative difference in wild-type seedling fresh weight between
the solvent control and each single treatment, and in the com-
bined NAE and ABA treatment, the type of interaction between
NAE and ABA was calculated.? The total tissue fresh weight of
wild-type seedlings in 20 wM NAE was 78% of the solvent-only
controls and was 35% of controls in 0.1 wM ABA. If the combi-
nation of NAE and ABA was completely additive, the expected
percent of control in the combined treatment would be ((35% x
78%)/100) = 27.3%. The actual measured percent of control in
the combined treatment of 20 WM NAE and 0.1 puM ABA was
17%, indicative of treatment synergism. In addition, the pattern
of growth inhibition was similar to that found in seedlings grown
in exogenous NAE 12:0, in which the fzah seedlings were most
sensitive to the combined treatment (Fig. 2A).

The effects of the combined treatments on gene transcript lev-
els also were characterized (Fig. 2B). Transcript levels of all three
genes examined were increased in the combined treatment in the
three genotypes (Fig. 2B). ABI3 levels in all three genotypes were
similar in both ABA treatment and in the combined treatment.
In wild-type seedlings, the levels of RD29B in the combined
treatment also were similar to RD29B levels in ABA treatment
alone. The levels of AtHVA22B in the combined treatment were
similar to the ABA treatment alone in WT seedlings. In faah
seedlings, AtHVA22B and RD29B levels were much higher in the
combined treatment than in ABA alone. In the OE seedlings, lev-
els of AtHVA22B were much higher in the combined treatment
than in either treatment alone, but the levels of RD29B were sim-
ilar in the combined treatment compared to the ABA treatment
alone. Overall, the expression of ABI3, AtHVA22B and RD29B
were not much different in seedlings grown in ABA alone versus
those treated with both NAE and ABA, and seedling growth was
dramatically reduced in the combined treatments. This suggests
that reductions in seedling growth may not be entirely attributed
to the expression of ABI3 and ABI3-regulated genes.

NAE and ABA synergistic growth arrest occurs only with
an intact ABA signaling pathway. We previously found that
seedlings of various ABA signaling mutants are tolerant to the
growth inhibition effects of NAE 12:0 and ABA."® Here we fur-
ther investigated the synergistic effects of combined NAE 12:0
and ABA treatment on the #6:3 mutant because of the strong cor-
relation of ABI3 transcript levels to NAE 12:0 or ABA-induced
growth inhibition. As previously shown,” a dramatic reduc-
tion of seedling growth due to combined NAE 12:0 and ABA
treatment was observed in WT (Ler) background (Figure 3A).
On the other hand, the ABA signaling mutant abi3-1 showed
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Figure 1. NAE and ABA induce dose dependent inhibition of seedling
growth and modulate transcript levels of ABI3 and ABI3 responsive
genes. (A) Representative images of 10-day-old seedlings at increasing
concentrations of NAE 12:0 exhibit the tolerance of the FAAH overex-
pressor and the sensitivity of the FAAH knockout. (B) Agarose gel analy-
sis of RT-PCR using gene specific primers to analyze gene expression

in 10-day-old seedlings (treated with increasing concentrations of NAE
12:0). ABI3 was run for 40 cycles, AtHVA22B and RD29B for 22 cycles and
18s for 25 cycles. (C) Representative images of 10-day-old seedlings at
increasing concentrations of (+) ABA exhibit the tolerance of the FAAH
knockout and the sensitivity of the FAAH overexpressor. (D) Agarose gel
analysis of RT-PCR using gene specific primers to analyze gene expres-
sion in 10-day-old seedlings (treated with increasing concentrations of
(+) ABA). ABI3 was amplified for 40 cycles, AtHVA22B and RD29B for 22
cycles and 18s for 25 cycles.
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Figure 2. Low levels of NAE and ABA synergistically inhibit seedling
growth and modulate transcript levels of ABI3 and ABI3 responsive
genes. (A) Representative images of 10-day-old seedlings grown in a
combination of NAE 12:0 and (+) ABA exhibit the tolerance of the FAAH
overexpressor and the sensitivity of the FAAH knockout. (B) Agarose gel
analysis of RT-PCR using gene specific primers to analyze gene expres-
sion in 10-day-old seedlings (treated with 20 uM NAE, 0.1 uM ABA or
NAE + ABA). ABI3 was amplified for 40 cycles, AtHVA22B and RD29B for
22 cycles and 18s for 25 cycles.

tolerance to the combined treatments (Fig. 3A). Growth mea-
surements confirmed the resistance of 2673-1 and the necessity of
a functioning ABA signaling pathway for a combined synergistic
effect at these concentrations of NAE/ABA (Fig. 3B). In addi-
tion, NAE alone was able to partially inhibit seedling growth
in the #bi3-1. Growth inhibition of 26:3-1 with NAE alone was
very similar to the inhibition of the NAE/ABA combination, and
both of these treatments inhibited #4:3-1 more than ABA alone.

The effects of combined treatments on ABA-dependent
gene transcripts in ABA-signaling mutants were characterized
(Fig. 3C). The bi3-1 mutant had no ABI3 transcript, as expected
(Fig. 3C). It also showed no induction of the ABA-regulated gene
AtHVA22B. However, RD29B did show an increase in transcript
when treated with ABA alone and in the combined treatment
(Fig. 3C), consistent with reports suggesting that this gene can
be modulated independent of ABI3.%

Growth arrest and associated gene expression are induced
only within a strict time period after germination. Arabidopsis
possesses a defined sensitivity window to ABA during seed germi-
nation and seedling growth.'*'® Arabidopsis also has been found
to possess a similar window of sensitivity to NAE 12:0.% To
determine if changes in the endogenous capacity for NAE metab-
olism would change this window of sensitivity to NAE/ABA, we
investigated growth and gene expression in the early and late
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stages of seedling development of Arabidopsis with altered NAE
metabolism. Growth of wild-type and FAAH-altered 14-day-
old seedlings in response to exogenous NAE 12:0 and ABA was
quantified by gain in fresh weight (Fig. 4A and B). Growth was
reduced by both treatments in the early stage of seedling devel-
opment (2 days); the FAAH OE showed a tolerance to the NAE
treatment, while the fzah displayed an increased sensitivity (Fig.
4A and C). The ABA treatment in the early stage reduced growth
equally in the WT and fzah mutants, but the FAAH OE revealed
a heightened sensitivity to ABA (Fig. 4B and C). By contrast,
growth was not substantially reduced by treatment with NAE
or ABA in the later stage of seedling development (10 days) (Fig.
4A-C) in any genotype. These results indicate that the develop-
mental sensitivity for either ABA or NAE was most pronounced
in young seedlings and this sensitivity was not appreciably
affected by altering FAAH expression.

Gene expression levels of ABI3, AtHVA22B and RD29B were
examined under this developmental context for these genotypes.
The elevated levels of ABI3 transcripts were inversely associated
with growth arrest (Fig. 4D). The 14-day-old faah seedlings treated
at 2 days with NAE 12:0 display the least growth and highest
levels of gene expression for all three genes, consistent with their
hypersensitivity to NAE. By contrast, the 14-day-old FAAH OE
treated with NAE at 2 days had much more growth and no tran-
scripts were detected for any of the three ABA-responsive genes,
consistent with their their ability to grow in NAE. NAE-treated
wild-type seedlings (treated at 2 days) showed some growth, with
intermediate levels of ABI3 transcripts. For seedlings treated with
ABA, the FAAH OE showed the greatest reduction in growth
and the highest ABI3 transcript levels. Treatments outside the
phytohormone sensitive window did not show changes in ABI3 or
AtHVA22B transcripts (or changes in growth); but the expression
of RD29B appeared to be responsive to ABA, but not NAE at the
late stages when seedling growth was not arrested. Yet RD29B is
elevated by both NAE and ABA within the window of sensitivity,
which suggests that NAE may not regulate ABA responsive genes
outside of this window. Nonetheless, the association of elevated
ABI3 transcript levels with seedling growth arrest by NAE or
ABA was consistently observed, continuing to support a role for
ABI3 in this interaction.

NAE induced growth arrest can occur independent of an
intact ABA signaling pathway. The #6i3-1 mutant is insensi-
tive to ABA, and recently ABA insensitive mutants were shown
to be somewhat tolerant to NAE in early development.”® Growth
data confirmed the ABA insensitivity of the #673-1 mutants when
grown in ABA from an early timepoint (starting at two days)
(Fig. 5A and B). The Landsberg erecta (Ler) ecotype showed
growth arrest when treated at the early stage of development, simi-
lar to that previously observed for Col(0). However, Ler showed
greater inhibition of growth when treated at the late stage of seed-
ling development with ABA than Col(0) (Figs. 4B and 5B), and
may reflect slight differences in developmental timing of seedling
establishment in these ecotypes. Nevertheless, treatment with
NAE at the early stage of development resulted in growth arrest
of both wild-type (Ler) and abi3-1 (Fig. 5A and B), while treat-

ment at the late stage showed no inhibition of growth in either
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wild-types or abi3-1 (Fig. 5B). Wild-type seedlings treated with
ABA or NAE showed a corresponding increase in transcript lev-
els of the three surveyed genes (ABI3, AtHVA22B and RD29B),
which were associated with growth arrest (Fig. 5C). The insensi-
tivity of the @bi3-1 seedlings to ABA treatment at the early stage
of development was in stark contrast to its sensitivity when treated
with NAE (Fig. 5A and B). As expected, there were no detectable
ABI3 transcripts in the 26i3-1 seedlings, and since the ABI3 tran-
scription factor controls the expression of AtHVA22B, there were
no transcripts for it either (Fig. 5C). The expression of RD29B
seemed to be somewhat independent of ABI3, as seen before.
However, most importantly, 2673-1 mutant seedlings showed
growth arrest when treated with 35 wM NAE at the early stage
of seedling growth (albeit at higher concentration than in Fig. 3),
indicating that NAE induced growth arrest, at least partially, can
be modulated outside the ABA signaling pathway controlled by
ABI3.

Discussion

Previous studies have shown that Arabidopsis thaliana seeds ger-
minated and grown in N-lauroylethanolamine (NAE 12:0) dis-
play a severe reduction in growth.”?> However, the mechanism of
this NAE-induced growth reduction remains largely unknown,
although an interaction with ABA signaling has been suggested."
The evidence presented here continues to support the hypothesis
that NAE-induced growth arrest occurs primarily through an
ABA/ABI3-regulated pathway, although an ABI3-independent
mechanism may also be in place. Specifically, new information
reported here includes the following: (1) Detailed concentration
experiments link the amounts of ABA, NAE12:0 and combina-
tions of these growth regulators to seedling growth reduction
and elevated transcript levels for ABI3, HVA22B and RD29B
(Figs. 1-4). (2) An intact ABA signaling pathway is required for
synergistic growth arrest, but not for modulating transcript levels
of RD29B (Fig. 3). (3) Higher concentrations of NAE 12:0, but
not ABA, induced growth inhibition in an ABA insensitive mutant
(abi3-1), indicating that NAE12:0 does not entirely overlap with
ABA, and NAE can act outside the ABI3 pathway (Fig. 5). (4)
ABA, but NAE12:0, can elevate transcript levels of RD29B out-
side of the secondary dormancy window, indicating that while
there is considerable overlap between ABA and NAE12:0 in terms
of early seedling growth arrest, this suggests that they also likely
participate in distinct genetic regulation pathways (Figs. 4 and 5).

Reduction in seedling growth could be predicted at the
molecular level by observing the levels of ABI3 transcripts in the
seedlings. When seedlings developed normally, the levels of ABI3
transcript were low, when seedling growth was reduced, the ABI3
transcript levels were elevated (Figs. 1 and 4). While this inverse
association between ABI3 transcript levels and growth had been
suggested previously in reference 13, the evidence presented here
extends these observations to genotypes with altered sensitivity to
NAE or ABA, synergistic growth regulation by NAE and ABA,
and developmental sensitivity to growth arrest. In addition, ABA-
regulated genes (AtHVA22B and RD29B) were examined in these
contexts as well to gain insights into the extent of ABA-regulation
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Figure 3. An intact ABA signaling pathway is required for synergistic
growth arrest, but not for modulating transcript levels of RD29B. (A)
Representative images of 10-day-old seedlings grown in NAE 12:0, ABA
or NAE +ABA exhibit the tolerance of abi3-1 seedlings to synergistic
growth arrest. (B) Growth of wild-type (Ler) and ABA signaling mutant
(abi3-1) seedlings grown in 20 uM NAE 12:0, 0.1 .M ABA or NAE and ABA
measured after 10 days of treatment. Values of change in fresh weight
compared to DMSO control are the mean and SD of triplicate experi-
ments. (C) Agarose gel analysis of RT-PCR using gene specific primers to
analyze gene expression in 10-d-old seedlings (treated with 20 wM NAE,
0.1 oM ABA or a combination of both NAE + ABA). ABI3 was amplified for
40 cycles, AtHVA22B and RD29B for 22 cycles and 18s for 25 cycles.

in seedling responses to NAE. While it is at present unclear
whether high levels of AB/3 inhibited seedling growth or whether
inhibiting seedling growth resulted in higher ABI3 levels, there is a
consistent inverse relationship between ABI3 transcript levels and
seedling growth. Moreover, there appears to be a genetic require-
ment for an intact ABA signaling pathway in the arrest of seed-
ling growth by NAE and ABA. When the ABA signaling pathway
was disrupted, as in the 2673-1 mutant, there was no synergistic
reduction in growth by NAE and ABA (Fig. 3A and B). Similarly,
previous experiments with other ABA insensitive mutants (2bil,
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Figure 4. ABA and NAE 12:0 inhibit seedling growth and modulate gene expression within the NAE/ABA window of sensitivity (up to 6 days). (A and B)
Growth of wild-type and FAAH-altered 14-day-old seedlings in response to exogenous NAE 12:0 (35 M) and ABA (0.25 pM). Treatment at early stage
of growth is at day 2 and treatment at late stage is on day 10. Values for gain in fresh weight are the mean and SE of triplicate experiments. (C) Images
of 14-day-old wild-type and FAAH-altered seedlings in response to exogenous NAE 12:0 (35 M), ABA (0.25 uM) and NT (not treated). (D) Agarose gel
analysis of semi-quantitative RT-PCR using gene specific primers to analyze gene expression in 14-day-old seedlings (treated at early or late stage of
seedling development with 35 wM NAE 12:0 or 0.25 uM ABA).

abi2, abi4 and abi5) indicated a partial requirement of an intact is dependent upon ABI3 and an intact ABA signaling pathway.'®
ABA signaling pathway for NAE action.” This arrest of seedling growth is proposed to function as a stress

ABA-induced growth arrest and desiccation tolerance occuronly  defense mechanism for seedlings in the activation of a secondary
within a narrow window of early post-germinative growth, and this ~ dormancy program. NAE 12:0 was found to induce growth arrest
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Figure 5. NAE 12:0, but not ABA, induces growth inhibition in an ABA
insensitive mutant (abi3-1). (A) Treatment of wild-type (Landsberg
erecta) and abi3-1 with NAE 12:0 (35 M) or ABA (0.25 uM) at early stage
of seedling development. (B) Inhibition of growth plotted as gain in
fresh weight is shown for WT (Ler) and the abi3-1 mutant treated with
NAE 12:0 (35 M) or ABA (0.25 pM). Values for gain in fresh weight are
the mean and SE of triplicate experiments. The arrow highlights the
reduced growth of abi3-1 seedlings in NAE 12:0. (C) Agarose gel analysis
of semiquantitative RT-PCR using gene specific primers to analyze gene
expression in 14-day-old seedlings (treated at early or late stage of

seedling development with 35 wM NAE 12:0 or 0.25 uM ABA).

in wildtype seedlings within a similar narrow window during
early seedling development.”> The data gathered here shows that
the sensitivity window toward ABA and NAE is intact in the
FAAH altered mutants, but they do have differing sensitivities
to NAE and ABA (Fig. 4A-C). Interestingly, while the FAAH
OE displays a tolerance toward NAE, it has heightened sensitiv-
ity to ABA (Fig. 4B and C) and the transcript levels of ABI3 are
inversely associated with this difference in growth. We believe
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that when seedlings are exposed to elevated levels of NAE or
ABA, within the window of sensitivity, a delay of the normal
development of seedlings is induced by maintaining the expres-
sion, or resumption of expression, of genes that are normally
associated with the ungerminated, desiccation-tolerant state.
Either NAE or ABA alone, or low levels of both can induce this
growth arrest presumably through ABI3-mediated transcrip-
tional or post-transcriptional regulation.

Overexpression of FAAH with an inactive catalytic region
resulted in plants with increased sensitivity to ABA but without
tolerance to NAE.? Therefore, the overexpression of FAAH,
with the associated increased tolerance to NAE due to a higher
capacity to metabolize NAE 12:0, does not contribute to the
sensitivity of these seedlings to ABA. These results emphasize
that FAAH is a regulator of NAE responses by its catalytic
activity and functions in ABA responses through other mecha-
nisms, perhaps via protein-protein interactions.

Although the ABI3-mediated signaling pathway appears to
play a major role in NAE-induced growth arrest at lower levels
of NAE, NAE 12:0 at higher concentrations induced seedling
growth arrest through an ABA-independent mechanism since
growth of abi3-1 seedlings was inhibited at higher concentra-
tions of NAE (Fig. 5A and B). If NAE 12:0 was capable of
inducing growth arrest only through the ABA signaling path-
way, the abi3-1 seedlings would be expected to grow normally
in exogenous NAE. Instead, 26i3-1 seedlings showed a large
reduction in growth (Fig. 5A and B). The observed growth
reduction in 26i3-1 seedlings treated with NAE also was asso-
ciated with elevated levels of the ABA-regulated gene RD29B
(Fig. 5C), despite the absence of the ABI3 transcription fac-
tor. RD29B transcript was induced by both NAE and ABA
without ABI3, but once again only within the developmental
window. Outside this temporal window, only ABA induced
elevated transcripts of RD29B; also, RD29B transcript levels
were much lower than wildtype suggesting that the ABI3 tran-
scription factor contributes, at least in part, to RD29B tran-
script levels. RD29B is a general drought response gene that is
strongly regulated by the ABI3 transcription factor,?! but can be
activated independent of ABA through MAPK mechanisms.?
The abi3-1 growth inhibition suggests that NAE is capable of
inhibiting seedling growth by mechanisms independent of the
normal ABA response pathway, and the activation of RD29B
expression may be part of this pathway.

In summary, NAE can induce growth arrest through both
ABA signaling pathway-dependent and -independent mecha-
nisms. The strong reduction in growth in seedlings treated with
both NAE 12:0 and ABA suggests that NAEs, which are rela-
tively minor lipids in Arabidopsis, may play a more significant
role in early seedling development than currently appreciated.
In addition, this interaction with an important phytohormone,
ABA, illustrates the complex connections between components
in plant development which still need to be identified and
characterized. Overall, identifying the mechanism of NAE-
induced growth arrest could help shed light on other general
mechanisms of regulating seedling growth in the early stages
of development.
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Materials and Methods

Plant materials and growth assays. The ABI mutant a6i3-1
(CS24) and their corresponding parental ecotypes Landsberg
erecta (Ler-0) and Columbia (Col) were obtained from the
Arabidopsis Biological Resource Center (ABRC). The faah
T-DNA insertion mutant (Salk_095108) and the 35S::AtFAAH
overexpressor lines were generated as described previously in ref-
erence 12. For growth experiments, seeds were surface-sterilized
with 95% ethanol followed by 30% bleach with 0.1% Tween-20
for 3 minutes each and rinsed several times with sterile, deion-
ized water. Seeds were stratified for 3 days at 4°C in the dark
and grown in either liquid nutrient media (0.5x Murashige and
Skoog salts containing 1% sucrose) or solid nutrient media (0.5x
MS salts with 1% sucrose and 0.8% phytagel) as previously
described in reference 12. Germination and growth occurred in a
controlled environment room with a 16 h light (-60 pmolm=s™),
8 h dark cycle at 20 to 22°C. Liquid cultured seedlings were
incubated with shaking (-75 rpm) and growth was quantified
as fresh weight accumulation after collection with a Buchner
funnel and rinsing three times with deionized water to remove
exogenous NAE and ABA from the seedlings. ABA and/or NAEs
were added from concentrated stocks, dissolved in DMSO, to the
appropriate final concentrations after media was allowed to cool
to 50°C. Untreated controls contained equivalent final concen-
trations of DMSO solvent alone, ranging from 0.01 to 0.05%.
Concentrations of exogenous ABA (Calbiochem-Novabiochem
Corp., catalogue #100111) were calculated based on the active
cis-isomer, although the ABA used includes an equimolar con-
centration of the inactive trans-isomer. N-lauroylethanolamine
(NAE 12:0) was synthesized as previously described in reference
27. NAE and ABA were both added to media at only one time
point in each experiment and were not continuously replaced. To
determine if the combined effect of NAE and ABA was additive,
synergistic or antagonistic, the expected response from a combi-
nation of NAE and ABA was calculated.” Growth parameters
for each treatment were converted to percent of control values.
The expected values for an additive response is calculated by the
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equation Expected % of control = (% of control in treatment
A x % of control in treatment B)/100. If the actual percent of
control for the combined treatment is lower than the expected
value, the combination is synergistic; if higher, the combination
is antagonistic.

Semi-quantitative RT-PCR. Total RNA was isolated from
seed and seedling samples using the Qiagen RNeasy Plant Mini
Kit (Qiagen, catalogue #74904). RNA was quantified and
evaluated for purity by UV spectroscopy and agarose gel elec-
trophoresis.”® Changes in mRNA transcripts were analyzed by
semi-quantitative RT-PCR performed with a Smart Cycler 1I
(Cepheid) instrument using a real-time one-step assay system
(Takara Bio). The following gene-specific primer pairs were used:
ABI3 (At3g24650) (F) 5-GAG CTG GCT CAG CTT CTG
CTA TG-3' and (R) 5-AGG CCA AAA CCT GTA GCG CAT
GTT C-3', AtHVA22B (At5g62490) (F) 5-CAT CGC TGG
ACC TGC ATT AC-3" and (R) 5-GGA TAT AAT GGG ATC
CAT TCG AGG-3', and RD29B (At5g62490) (F) 5-CAT AAA
GGT GGA GAA GCT GGA GTA-3'and (R) 5-CCT CCA AAT
CTT GCC GGA GAA TTC-3'. All primers were designed to
span one intron to distinguish cDNA amplification from genomic
DNA contamination. Relative transcript levels in all samples were
normalized using 18S rRNA as a constitutively expressed internal
control, with primers (F) 5-TCC TAG TAA GCG CGA GTC
ATC A-3" and (R) 5-CGA ACA CTT CAC CGG ATC AT-3'%
Semi-quantitative RT-PCR reactions were performed in duplicate
with 0.2 pg of total RNA and 0.5 pL of 10 wM gene-specific
primers in each 25 nL reaction. The reaction mix was subjected
to the following RT-PCR conditions: 42°C for 15 min, one cycle;
95°C for 2 minutes, one cycle; 94°C for 10 s, 58°C for 25 s, 72°C
for 20 s. The number of cycles and annealing temperature were
experimentally determined for each set of gene-specific primers.
RT-PCR products were examined by gel electrophoresis.
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