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In Arabidopsis (Arabidopsis thaliana), farnesylcysteine is oxidized to farnesal and cysteine by a membrane-associated thioether
oxidase called farnesylcysteine lyase. Farnesol and farnesyl phosphate kinases have also been reported in plant membranes.
Together, these observations suggest the existence of enzymes that catalyze the interconversion of farnesal and farnesol. In this
report, Arabidopsis membranes are shown to possess farnesol dehydrogenase activity. In addition, a gene on chromosome 4 of
the Arabidopsis genome (At4g33360), called FLDH, is shown to encode an NAD*-dependent dehydrogenase that oxidizes
farnesol more efficiently than other prenyl alcohol substrates. FLDH expression is repressed by abscisic acid (ABA) but is
increased in mutants with T-DNA insertions in the FLDH 5’ flanking region. These T-DNA insertion mutants, called fldh-1 and
fldh-2, are associated with an ABA-insensitive phenotype, suggesting that FLDH is a negative regulator of ABA signaling.

Isoprenylated proteins are modified at the C termi-
nus via cysteinyl thioether linkage to either a 15-
carbon farnesyl or a 20-carbon geranylgeranyl group
(Clarke, 1992; Zhang and Casey, 1996; Rodriguez-
Concepcion et al., 1999; Crowell, 2000; Crowell and
Huizinga, 2009). These modifications mediate protein-
membrane and protein-protein interactions and are
necessary for the proper localization and function of
hundreds of proteins in eukaryotic cells. In Arabidop-
sis (Arabidopsis thaliana), the PLURIPETALA (PLP;
At3g59380) and ENHANCED RESPONSE TO ABA1
(At5g40280) genes encode the a- and B-subunits of
protein farnesyltransferase (PFT), respectively (Cutler
et al., 1996; Pei et al., 1998; Running et al., 2004). These
subunits form a heterodimeric zinc metalloenzyme
that catalyzes the efficient transfer of a farnesyl group
from farnesyl diphosphate to protein substrates with a
C-terminal CaaX motif, where “C” is Cys, “a” is an
aliphatic amino acid, and “X” is usually Met, Gln, Cys,
Ala, or Ser (Fig. 1). The PLP and GERANYLGERANYL-
TRANSFERASE BETA (At2g39550) genes encode the
a- and B-subunits of protein geranylgeranyltransfer-
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ase type 1 (PGGT1), respectively (Running et al., 2004;
Johnson et al., 2005). These subunits form a distinct
heterodimeric zinc metalloenzyme that catalyzes the
efficient transfer of a geranylgeranyl group from
geranylgeranyl diphosphate to protein substrates
with a C-terminal Caal motif, where “C” is Cys, “a”
is an aliphatic amino acid, and “L” is Leu. A third
protein prenyltransferase, called protein geranylgera-
nyltransferase type Il or RAB geranylgeranyltransfer-
ase, catalyzes the dual geranylgeranylation of RAB
proteins with a C-terminal XCCXX, XXCXC, XXCCX,
XXXCC, XCXXX, or CCXXX motif, where “C” is Cys
and “X” is any amino acid. However, RAB proteins
must be associated with the RAB ESCORT PROTEIN
to be substrates of RAB geranylgeranyltransferase.
Plant protein prenylation has received considerable
attention in recent years because of the meristem
defects of Arabidopsis PFT mutants and the abscisic
acid (ABA) hypersensitivity of Arabidopsis PFT and
PGGT1 mutants (Cutler et al., 1996; Pei et al., 1998;
Running et al., 1998, 2004; Johnson et al., 2005).
Proteins that are prenylated by either PFT or PGGT1
undergo further processing in the endoplasmic retic-
ulum (Crowell, 2000; Crowell and Huizinga, 2009).
First, the aaX portion of the CaaX motif is removed by
proteolysis (Fig. 1). This reaction is catalyzed by one
of two CaaX endoproteases, which are encoded by
the AtSTE24 (At4g01320) and AtFACE-2 (At2g36305)
genes (Bracha et al., 2002; Cadifianos et al., 2003).
Second, the prenylated Cys residue at the new C
terminus is methylated by one of two isoprenylcys-
teine methyltransferases (Fig. 1), which are encoded
by the AtSTE14A (At5g23320) and AtSTE14B (ICMT;
At5g08335) genes (Crowell et al., 1998; Crowell and
Kennedy, 2001; Narasimha Chary et al., 2002; Bracha-
Drori et al., 2008). A specific isoprenylcysteine methy-
lesterase encoded by the Arabidopsis ICME (At5g15860)
gene has also been described, demonstrating the re-
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versibility of isoprenylcysteine methylation (Deem
et al., 2006; Huizinga et al., 2008).

Like all proteins, prenylated proteins have a finite
half-life. However, unlike other proteins, prenylated
proteins release farnesylcysteine (FC) or geranylgera-
nylcysteine (GGC) upon degradation. Mammals pos-
sess a prenylcysteine lyase enzyme that catalyzes the
oxidative cleavage of FC and GGC (Zhang et al., 1997;
Tschantz et al., 1999; Tschantz et al., 2001; Beigneux
et al., 2002; Digits et al., 2002). This FAD-dependent
thioether oxidase consumes molecular oxygen and
generates hydrogen peroxide, Cys, and a prenyl alde-
hyde product (i.e. farnesal or geranylgeranial). In
Arabidopsis, a similar lyase exists. However, the
Arabidopsis enzyme, which is encoded by the FCLY
(At5g63910) gene, is specific for FC (Fig. 1; Crowell
et al., 2007; Huizinga et al., 2010). GGC is metabolized
by a different mechanism.
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Figure 1. Proposed metabolism of
farnesal and farnesol as it relates to
protein prenylation. The portion of
the cycle shown in red is the sub-
ject of this article.
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Plant membranes have been shown to contain far-
nesol kinase, geranylgeraniol kinase, farnesyl phos-
phate kinase, and geranylgeranyl phosphate kinase
activities (Fig. 1; Thai et al., 1999). These membrane-
associated kinases differ with respect to nucleotide
specificity, suggesting that they are distinct enzymes
(i.e. farnesol kinase and geranylgeraniol kinase can use
CTP, UTP, or GTP as a phosphoryl donor, whereas
farnesyl phosphate kinase and geranylgeranyl phos-
phate kinase exhibit specificity for CTP as a phospho-
ryl donor). However, it remains unclear if farnesol
kinase is distinct from geranylgeraniol kinase or if
farnesyl phosphate kinase is distinct from geranylgeranyl
phosphate kinase. Nonetheless, it is clear that these
kinases convert farnesol and geranylgeraniol to their
monophosphate and diphosphate forms for use in
isoprenoid biosynthesis, including sterol biosynthesis
and protein prenylation.
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Because plants have the metabolic capability to
generate farnesal from FC and farnesyl diphosphate
from farnesol, we considered the possibility that plant
membranes also contain an oxidoreductase capable of
catalyzing the reduction of farnesal to farnesol and/or
the oxidation of farnesol to farnesal (Fig. 1; Thai et al.,
1999; Crowell et al., 2007). To date, the only reports of
such an oxidoreductase are from the corpora allata
glands of insects, where it participates in juvenile
hormone synthesis, and black rot fungus-infected
sweet potato (Ipomoea batatas; Baker et al., 1983; Inoue
et al., 1984; Sperry and Sen, 2001; Mayoral et al., 2009).
Insect farnesol dehydrogenase is an NADP*-dependent
oxidoreductase that is encoded by a subfamily of short-
chain dehydrogenase/reductase (SDR) genes (Mayoral
et al., 2009). Farnesol dehydrogenase from sweet potato
is a 90-kD, NADP+-dependent homodimer with broad
specificity for prenyl alcohol substrates and is induced
by wounding and fungus infection of potato roots
(Inoue et al., 1984).

Here, we extended previous work i Jn which [1-°H]
FC was shown to be 0X1dlzed to [1-°H]farnesal, and
[1-*H]farnesal reduced to [1-*H]farnesol, in the pres-
ence of Arab1d0p51s membranes (Crowell et al., 2007).
The reduction of [1-*H]farnesal to [1- H]farnesol was
abolished by pretreatment of Arabidopsis membranes
with NADase, suggesting that sufficient NAD(P)H is
present in Arabidopsis membranes to support the
enzymatic reduction of farnesal to farnesol. In this
report, we demonstrate the presence of farnesol dehy-
drogenase activity in Arabidopsis membranes using
[1-*H]farnesol as a substrate. Moreover, we identify a
gene on chromosome 4 of the Arabidopsis genome
(At4g33360), called FLDH, that encodes an NAD'-
dependent dehydrogenase with partial specificity for
farnesol as a substrate. FLDH expression is repressed by
exogenous ABA, and fldh mutants exhibit altered ABA
signaling. Taken together, these observations suggest
that ABA regulates farnesol metabolism in Arabidopsis,
which in turn regulates ABA signaling.

RESULTS

Farnesol Dehydrogenase Activity in
Arabidopsis Membranes

Following the oxidation of FC to farnesal, farnesal is
reduced to farnesol, which can be sequentially phos-
phorylated to farnesyl diphosphate (Fig. 1; Thai et al.,
1999; Crowell et al., 2007) We detected the conversion
of [1-*H]farnesal to [1-’H]farnesol in the presence of
Arabidopsis membranes and showed that this activity
is abolished by NADase pretreatment (Crowell et al.,
2007). In contrast, NADase does not abolish FC oxi-
dation to farnesal, confirming the reaction order (i.e.
FC oxidation to farnesal, followed by farnesal reduc-
tion to farnesol). These observations strongly suggest
the existence of an NAD(P)H-dependent farnesal re-
ductase/NAD(P)"-dependent farnesol dehydrogenase
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enzyme in Arabidopsis. To examine this oxidoreduc-
tase activity further, and to test the reversibility of the
reaction, we used calf intestine alkaline phosphatase to
dephosphorylate [1-’H]farnesyl diphosphate and then
incubated the reaction mixture at 30°C for 30 min in
the presence of either native or boiled Arabidopsis
membranes and either 0.1 mm NAD" or 0.1 mv NADP".
Reactions were resolved by thin-layer chromatogra-
phy (TLC) and analyzed by fluorography. As shown in
Figure 2, alkaline phosphatase treatment of [1-*H]FPP
generated significant amounts of [1- *H]farnesol,
which was not converted to farnesal in the presence
of boiled Arabidopsis membranes. However, in the
presence of native Arabidopsis membranes and either
NAD" or NADP*, [1-*H]farnesol was oxidized to
[1-*H]farnesal, and both substrate and product com-
igrated with authentic chemical standards It is im-
portant to note that since oxidation of [1-°H]farnesol to
[1-H]farnesal involved the loss of a hydrogen atom
at the 1-position, only 50% of the farnesal product
was expected to be radioactive. Furthermore, although
oxidation of [1->H]farnesol was observed in the pres-
ence of exogenous NAD" or NADP", Arabidopsis
membranes contained sufficient cofactor to support
oxidation of farnesol (Supplemental Fig. S1; Crowell
et al., 2007). Thus, it is not clear from these results if
the farnesol dehydrogenase activity, or activities, in
Arabidopsis membranes use NAD*, NADP", or both.

Farnesol dehydrogenase activity in Arabidopsis
membranes was analyzed spectrophotometrically at
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Figure 2. Oxidation of [1-*H]farnesol to [1-*H]farnesal in the presence
of Arabidopsis membranes. [1-*H|Farnesol was generated by calf
intestine alkaline phosphatase digestion of [1-*H]farnesy! diphosphate
and subsequently incubated with native or boiled Arabidopsis membranes
in the presence of 0.1 mm NAD* or NADP™ for 30 min at 30°C. Reaction
products were resolved by silica gel TLC, visualized by fluorography (left),
and compared to authentic chemical standards, which were visualized
by vanillin staining (right). Retardation factor (R;) values for farnesal
(R; = 0.59) and farnesol (R; = 0.34) are indicated. The radioactivity at
the origin is [1-*Hlfarnesyl diphosphate. Fal, Farnesal; Fol, farnesol.
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340 nm (i.e. NADH and NADPH absorb at 340 nm). As
shown in Figure 3, reduced cofactor was formed in the
presence of 1 mM farnesol and 1 mMm geranylgeraniol
but not in the presence of 1 mM geraniol (the negative
slope in the presence of geraniol suggests oxidation
of endogenous NADH or NADPH). These data dem-
onstrate that Arabidopsis farnesol dehydrogenase ac-
tivity is (1) linear with time for 2 min under these
conditions, (2) present in Arab1dops1s membranes at a
specific activity >10 nmol min ' mg ™, and (3) specific
for biologically relevant prenyl alcohol substrates
(farnesol and geranylgeraniol). Similar results were
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Figure 3. Arabidopsis farnesol dehydrogenase is specific for biologi-
cally relevant prenyl alcohol substrates. A, Farnesol dehydrogenase
reactions were performed in the presence of 1 mm farnesol, geranyl-
geraniol, or geraniol, and reduced cofactor was detected spectropho-
tometrically at 340 nm as a function of time. Reduced cofactor
production was linear for 2 min and was detected in the presence of
farnesol or geranylgeraniol as an isoprenoid substrate. Farnesol dehy-
drogenase activity was determined to be 10 nmol min™' mg™". B,
Farnesol dehydrogenase assays were performed as in A in the presence
of 0.1% Tween 20. These data are representative of three independent
experiments. The st of the mean is shown. Fol, Farnesol; GGol,
geranylgeraniol; Gol, geraniol.
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obtained with 0.1 mm NAD" and 0.1 mm NADP" as a
cofactor.

Because farnesol and geranylgeraniol are hydropho-
bic molecules and might not be homogeneously mixed
into the reactions described above, we performed an
identical set of farnesol dehydrogenase reactions in the
presence of 0.1% Tween 20. As shown in Figure 3,0.1%
Tween 20 enhanced the oxidation of geranylgeraniol,
suggesting increased dispersion and use of geranyl-
geraniol, but slightly inhibited the oxidation of farne-
sol. Because our interest is in the metabolism of
farnesal and farnesol, no further reactions were per-
formed in the presence of detergent.

Identification of an Arabidopsis Farnesol
Dehydrogenase Gene

To date, farnesol dehydrogenase activity has only
been described in insect corpora allata glands and
black rot fungus-infected potato (Baker et al., 1983;
Inoue et al., 1984; Sperry and Sen, 2001; Mayoral et al.,
2009). Moreover, the only gene known to encode a
protein with farnesol dehydrogenase activity belongs
to the short-chain dehydrogenase gene family from
mosquito (AaSDR-1; Mayoral et al., 2009). A search for
Arabidopsis genes encoding proteins with significant
amino acid sequence similarity to the protein encoded
by the mosquito AaSDR-1 gene revealed a single gene
on chromosome 5 (At5g204900 ), called AtNOL1, with
weak similarity (E = 3e 9. However, the orthologous
NOL gene from rice (Oryza sativa) encodes a chloro-
phyll b reductase that is involved in the degradation of
chlorophyll b and light-harvesting complex II (Kusaba
etal., 2007). Because this enzyme reduces chlorophyll b
to 7-hydroxymethyl chlorophyll g, it is unlikely to be a
bona fide farnesol dehydrogenase.

To identify a putative farnesol dehydrogenase gene
from Arabidopsis, we searched for genes encoding
alcohol dehydrogenases and related oxidoreductases
[i.e. with a Rossmann-fold motif or InterPro motif for
NAD(P)H binding] that were predicted or known to be
membrane localized. This resulted in a large number
of candidate genes. We then searched for genes pre-
dicted to encode terpenoid metabolic enzymes (search
terms included terpene, terpenoid, and isoprenoid)
and considered the intersection of this group of genes
with the group of membrane-localized oxidoreduc-
tases described above. This strategy resulted in a
manageable number of candidate genes (Table I),
including one member of the Arabidopsis SDR gene
family (At3g61220). To determine which gene(s) in this
group might encode farnesol dehydrogenase, we am-
plified the coding sequences of At5g16990, At5g16960,
At4g33360, and At3g61220 by reverse transcription
(RT)-PCR and inserted the resulting DNA fragments
into the pYES2.1/V5-His-TOPO vector (At2g43420
was not included because it was considered to be
less likely to encode a farnesol dehydrogenase). After
confirming the orientations and DNA sequences of
the four coding regions, the resulting plasmids, called

1119



Bhandari et al.

Table I. Candidate farnesol dehydrogenase genes from Arabidopsis
SUBA, Subcellular Location Database for Arabidopsis Proteins.

Arabidopsis Genome

L Annotation
Initiative Name

Biochemical Function

Location (Proteomic

Structural Features Analyses): SUBA

At4g33360 Terpene-cyclase/mutase-related;
similar to cinnamyl (allyl) alcohol function
dehydrogenase
At3g61220 SDR
activity
At5g16990, 2-Alkenal reductase; similar to
At5g16960, etc.  allyl alcohol dehydrogenase
At2g43420 Similar to 3-B-hydroxysteroid

dehydrogenase

Terpenoid metabolic

Alkanal + NAD(P)" —
alk-2-enal + NAD(P)H
Steroid biosynthesis

InterPro NAD(P)*-binding Endoplasmic reticulum,
plasma membrane,
vacuole

(—)-Menthol dehydrogenase Interpro NAD(P)*-binding Plasma membrane

Interpro SDR
Rossman-fold:

NAD(P)*-binding
Rossman-fold:

NAD(P)*-binding

Plasma membrane

Plasma membrane

pCL194 (At5g16990), pCL195 (At5g16960), pCL196
(At4g33360), and pCL197 (At3g61220), were intro-
duced into Saccharomyces cerevisiae strain SM1058
(MATa leu2, ura3, trpl, his4, canl), and recombinant
yeast cells were selected on CSM-ura agar medium.
Transformed and untransformed yeast were then
grown at 30°C to log phase in medium containing
2% Glc and shifted into medium containing 2% Gal for
an additional 14 h. Cells were lysed and membranes
assayed for farnesol dehydrogenase activity as de-
scribed above. As shown in Figure 4, membranes from
control yeast cells or recombinant yeast cells harboring
pCL194, pCL195, or pCL197 exhibited no farnesol
dehydrogenase activity. However, membranes from
recombinant yeast cells harboring pCL196, which
contained the At4g33360 coding sequence, converted
[1-*H]farnesol to [1-°H]farnesal. To our knowledge,
this is the first demonstration of a gene that encodes a
plant farnesol dehydrogenase and has been submitted
to The Arabidopsis Information Resource with the
gene class symbol FLDH. Interestingly, the protein
product of the FLDH gene exhibited only 12% amino
acid sequence identity with the protein product of the
AaSDR-1 gene from mosquito.

Because alkaline phosphatase treatment of [1-°H]
farnesyl diphosphate resulted in partial dephosphor-
ylation, the reaction observed in the presence of
membranes from SM1058 cells harboring the pCL196
plasmid was not well defined. Accordingly, we per-
formed farnesol dehydrogenase reactions in the pres-
ence of TLC-purified [1-*H]farnesol. As shown in
Figure 4B, incubation of purified [1-*H]farnesol with
Arabidopsis membranes or membranes from SM1058
cells transformed with the pCL196 plasmid resulted in
oxidation of [1-*H]farnesol to [1-°H]farnesal. However,
no farnesol dehydrogenase activity was observed in
the presence of membranes from control SM1058 cells.

Characterization of the FLDH-Encoded
Farnesol Dehydrogenase

To determine whether the FLDH-encoded enzyme
was NAD" or NADP" dependent, farnesol dehydro-
genase reactions were performed in the presence of
membranes from control and recombinant yeast cells
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harboring the pCL196 plasmid. As shown in Figure
5, very little purified [1°H]farnesol was oxidized to
[1-*H]farnesal in the presence of control membranes.
However, in the presence of membranes from recom-
binant yeast cells expressing FLDH, [1-’H]farnesol was
oxidized to [1-*H]farnesal in the presence of NAD". No
oxidation was observed in the presence of NADP™.
These results indicate that, unlike the farnesol dehy-
drogenase detected in insect corpora allata glands and
black rot fungus-infected sweet potato, the FLDH-
encoded farnesol dehydrogenase is specific for NAD"
(endogenous NAD" present in Arabidopsis mem-
branes most likely accounts for the results obtained
in Fig. 2 with NADP", but an alternative farnesol
dehydrogenase is also possible).

The farnesol dehydrogenase detected in black rot
fungus-infected sweet potato exhibited broad speci-
ficity for prenyl alcohol substrates. To determine
whether the FLDH-encoded farnesol dehydrogenase

A B
Fal - -
2?2?29 - eee
§88410 :
SM1058 g
Z23 8 2 5 s 3
S 424 9 =2 =2 2 £
= 0O O D QO o 2 2

®
! 3B 7
At4g33360

Figure 4. At4g33360 (FLDH) encodes an enzyme with farnesol de-
hydrogenase activity. A, Membranes from SM1058 yeast cells with
or without pCL194 (At5g16990), pCL195 (At5g16960), pCL196
(At4g33360), or pCL197 (At3g61220) expression constructs were
assayed for farnesol dehydrogenase activity using dephosphorylated
[1-*HIFPP as a substrate. B, Membranes from Arabidopsis seedlings,
SM1058 cells, and SM1058/pCL196 cells were assayed for farnesol
dehydrogenase activity using [1-*H]farnesol from American Radiola-
beled Chemicals, which was purified by preparative TLC. Fal, Farnesal;
Fol, farnesol.
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also exhibited broad substrate specificity, we per-
formed farnesol dehydrogenase assays with mem-
branes from SM1058/pCL196 cells in the presence of
unlabeled farnesol, geranylgeraniol, or geraniol as
competitors. As shown in Figure 6, unlabeled farnesol
was a more effective competitor than geraniol or
geranylgeraniol, suggesting that farnesol has the high-
est affinity for the active site of the FLDH-encoded
enzyme. However, geraniol and geranylgeraniol were
competitive, indicating that the farnesol dehydrogen-
ase encoded by the FLDH gene exhibits broad speci-
ficity for prenyl alcohol substrates.

Membranes from control SM1058 cells and recom-
binant SM1058 cells harboring pCL196 were also an-
alyzed spectrophotometrically at 340 nm. As shown in
Figure 7, membranes from control cells, when incu-
bated with 0.1 mm NAD"* and either 1 mm farnesol,
geranylgeraniol, or geraniol, exhibited an initial in-
crease in A, after which absorbance values declined,
suggesting oxidation of endogenous NADH and/or
NADPH. In contrast, membranes from SM1058/
pCL196 cells exhibited less of a decline in absorbance.
Consistent with the results shown in Figure 6, which
indicate that unlabeled farnesol is more competitive
than geranylgeraniol or geraniol in the presence of the
FLDH-encoded enzyme, A,,, increased and remained
elevated in the presence of farnesol. Together, these
data demonstrate that FLDH encodes an NAD'-
dependent farnesol dehydrogenase enzyme with partial
specificity for farnesol. Surprisingly, the FLDH-encoded
enzyme does not exhibit appreciable farnesal reductase
activity (Supplemental Fig. S2).

SM1058, NAD+
SM1058, NADP+

$ SM1058/pCL196, NAD+
SM1058/pCL196, NADP+

Fal

Figure 5. The FLDH-encoded farnesol dehydrogenase is NAD" depen-
dent. [1-’Hlfarnesol from American Radiolabeled Chemicals was used
to analyze farnesol dehydrogenase activity in membranes of SM1058
and SM1058/pCL196 (At4g33360, FLDH) cells in the presence of NAD*
or NADP™ as cofactor. Fal, Farnesal.
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Figure 6. The FLDH-encoded farnesol dehydrogenase exhibits partial
specificity for farnesol in competition assays. [1-*H]farnesol from
American Radiolabeled Chemicals was used to analyze farnesol de-
hydrogenase activity in membranes from SM1058/pCL196 cells in the
presence of NAD* and unlabeled farnesol, geranylgeraniol, or geraniol
as competitor. Ethanol was included as a solvent control. Each com-
petitor was used at 0.33, 3.3, and 33 um. These results are represen-
tative of two independent experiments. The st of the mean is shown.
Fol, Farnesol; GGol, geranylgeraniol; Gol, geraniol.

ABA Regulation of FLDH Expression

According to microarray data sets visualized using
the Bio-Array Resource for Plant Functional Genomics
at the University of Toronto, FLDH expression is
repressed by ABA, which raises the interesting possi-
bility that ABA regulates farnesol metabolism. As
shown in Figure 8, RT-PCR analysis confirmed the
repression of FLDH expression by exogenous ABA.
To determine whether ABA regulates other genes
involved in farnesol metabolism, we also tested the
hypothesis that ABA regulates the expression of the
FCLY gene. As with FLDH, microarray data sets visu-
alized using the Bio-Array Resource for Plant Func-
tional Genomics indicate that FCLY expression is
repressed by ABA. Moreover, RT-PCR analysis con-
firmed the repression of FCLY expression by ABA
(Supplemental Fig. S3). Together, these data suggest
that ABA regulates farnesol metabolism at multiple
levels in Arabidopsis plants.

Role of FLDH in ABA Signaling

We identified homozygous T-DNA insertions in the
5’ flanking region of the FLDH gene (the fldh-1 and fldh-2
insertions are located at —25 and —282, respectively).
Genomic PCR using an At4g33360 forward primer that
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Figure 7. The FLDH-encoded farnesol dehydrogenase exhibits partial
specificity for farnesol in spectrophotometric assays. A, Farnesol dehy-
drogenase reactions were performed in the presence of 1 mm farnesol,
geranylgeraniol, or geraniol, and reduced cofactor was detected spec-
trophotometrically at 340 nm as a function of time. SM1058/pCL196
membranes were used as a source of farnesol dehydrogenase activity.
B, Farnesol dehydrogenase assays were performed as in A using
SM1058 membranes. These data are representative of two independent
experiments. The st of the mean is shown. *, ** and *** represent
significant differences compared with the SM1058 control of P < 0.05,
P<0.01, and P< 0.001, respectively, as determined by Student's ttest.
Fol, Farnesol; GGol, geranylgeraniol; Gol, geraniol.

anneals in the promoter region upstream of the
T-DNA insertions (At4g33360-P) and an At4g33360 re-
verse primer that anneals in the coding region down-
stream of the T-DNA insertions (At4g33360-R) generated
the expected product from wild-type Arabidopsis
(Columbia-0 [Col-0]) DNA but not fldh-1 (SALK_111066)
DNA (Supplemental Fig. S4). In contrast, genomic
PCR using At4g33360-P or At4g33360-R and a T-DNA
left border primer (TDNA SALK-LBbl) produced
products from fldh-1 DNA but not wild-type Arabi-
dopsis DNA. These results support the hypothesis that
fldh-1 is homozygous (other T2 plants were heterozy-
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gous and amplified fragments with At4g33360-P and
At4g33360-R; data not shown). Moreover, the ap-
pearance of an amplified product with At4g33360-P
and TDNA SALK-LBb1, as well as At4g33360-R and
TDNA SALK-LBb1, indicates the presence of a double
or rearranged T-DNA insertion in fldh-1 (i.e. left border
sequences are oriented toward the 5" and 3’ ends of
the FLDH gene). The SALK_060297 (fldh-2) line was
identified as a homozygous T-DNA insertion line at
the Salk Institute Genomic Analysis Laboratory and
confirmed by genomic PCR (data not shown).

The fldh-1 and fldh-2 mutants described in the pre-
ceding paragraph were analyzed for expression of
the FLDH gene. As shown in Figure 9, fldh-1 and
fldh-2 contained elevated levels of FLDH transcripts, as

A 5 ng RNA

Expt. 1 Expt. 2

0 052550 0 052550

uM ABA

1500
1200
1000
FLDH mRNA

500

B 0.5 ug RNA

Expt. 1 Expt. 2

uMABA 0 052550 0 052550

= ﬂ .

Figure 8. FLDH is negatively regulated by ABA. A, RT-PCR was
performed on 5 ng of total RNA from wild-type (Col-0) seedlings,
which were grown for 4 d on 0.5X MS plates containing 1.0% Suc and
0.8% agar and then transferred to identical plates containing 0, 0.5,
2.5, or 5.0 um cisABA for 16 h. The FLDH RT-PCR product was
expected to be 693 bp in length. B, Ribosomal RNA is shown for the
RNA samples used in A. Expt., Experiment.
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judged by RT-PCR. These results indicate that both
T-DNA insertions disrupt a cis-acting negative regu-
latory element in the FLDH promoter. Moreover, mem-
branes isolated from both mutants exhibited increased
farnesol dehydrogenase activity compared to the wild
type (Fig. 9). No developmental phenotypes were
observed for either fldh-1 or fldh-2, but, as shown in
Figure 10, both mutants exhibited an ABA-insensitive
phenotype in seed germination and stomatal closure
assays. These results indicate that FLDH negatively
regulates ABA signaling in Arabidopsis.

DISCUSSION

Previous work from our laboratory demonstrated
the oxidation of FC to farnesal and that of Thai et al.
(1999) established the sequential phosphorylation of
farnesol to farnesyl monophosphate and farnesyl di-
phosphate in plants (Thai et al., 1999; Crowell et al.,
2007). These observations suggested the existence of
oxidoreductases capable of catalyzing the interconver-
sion of farnesal and farnesol. Consistent with this
hypothesis, farnesal is reduced to farnesol in the
presence of Arabidopsis membranes (Crowell et al.,
2007). Moreover, reduction of farnesal to farnesol is
inhibited by pretreatment of Arabidopsis membranes
with NADase, suggesting the involvement of an
NAD(P)H-dependent farnesal reductase/NAD(P)*-
dependent farnesol dehydrogenase. In this report,
farnesol dehydrogenase activity in Arabidopsis mem-
branes is demonstrated directly, and a gene on

Farnesol Dehydrogenase in Arabidopsis

chromosome 4 of the Arabidopsis genome (FLDH,
At4g33360) is shown to encode farnesol dehydroge-
nase. Expression of FLDH, the protein product of
which is an NAD'-dependent farnesol dehydrogenase
with partial selectivity for farnesol, is repressed by
ABA. In addition, mutants with elevated FLDH ex-
pression are less sensitive to ABA than wild-type
plants, suggesting that FLDH is a negative regulator
of ABA signaling.

The protein product of the FLDH gene has been
detected in proteomic analyses of tonoplast proteins
(Jaquinod et al., 2007). This is consistent with the
tonoplast localization of FC lyase, which catalyzes
the oxidation of FC to farnesal and Cys (Jaquinod
et al., 2007). However, the FLDH-encoded enzyme
has also been detected in proteomic analyses of
plasma membrane and endoplasmic reticulum pro-
teins (Alexandersson et al., 2004; Dunkley et al.,
2006; Marmagne et al., 2007). It is currently unclear if
the latter observations reflect the true localization of
the FLDH-encoded farnesol dehydrogenase or if con-
tamination of plasma membrane and endoplasmic
reticulum fractions with tonoplast proteins resulted
in the mislocalization of the enzyme to these fractions.
Whichever it is, experimental confirmation of the
intracellular location of the FLDH-encoded farnesol
dehydrogenase is necessary to support or refute the
hypothesis that FC lyase and farnesol dehydrogenase
coexist in the vacuolar membrane for the purpose of
FC, farnesal, and farnesol metabolism.

Previously published data indicate that, unlike FC
lyase, farnesal reductase activity may not be ubiqui-

Figure 9. Biochemical characterization of
fldh mutants of Arabidopsis. A, RT-PCR
with At4g33360-RT5 and At4g33360-RT3
primers demonstrates that fldh-1and fldh-2
exhibit increased FLDH expression. B,
Ethidium bromide-stained RNA used for
RT-PCR in A. MW, Molecular weight. C
and D, Col-0, fldh-1, and fldh-2 were
analyzed spectrophotometrically for far-
nesol dehydrogenase activity using farne-
sol and NAD™ as substrates. The st of the
mean is indicated for all data points. * and
** represent significant differences com-
pared with the Col-0 control of P < 0.5
and P < 0.01, respectively, as determined
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Figure 10. Effects of T-DNA insertions in the 5’ A 120
flanking region of the FLDH gene on ABA signaling.

A, Seed germination was scored for Col-0, fldh-1, 20

and fldh-2 lines as a function of time in the presence 80
of 0, 0.5, or 2.5 um cisABA (each data point repre-
sents three independent trials, 72 < n < 120). B, 60

Stomatal apertures were measured for Col-0, fldh-1,
and fldh-2 lines in the presence of 0, 0.5, 2.5, or 5.0
M CisABA (83 < n < 166). The st of the mean is 20
indicated for all data points. *, **, and *** represent
significant differences compared with the Col-0 con-
trol of P < 0.05, P < 0.01, and P < 0.001, respec- 100
tively, as determined by Student’s t test. WIL,
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tously distributed in Arabidopsis tissues and organs
(Crowell et al., 2007). Incubation of FC with mem-
branes isolated from various Arabidopsis tissues and
organs resulted in farnesal accumulation in all mem-
branes tested. However, conversion of farnesal to
farnesol was restricted to seedlings, flowers, stems,
and roots (Crowell et al., 2007). Reduction of farnesal
to farnesol was virtually undetectable in leaves, sug-
gesting differential expression of farnesal reductase or
decreased availability of reduced nicotinamide cofac-
tors in leaves. Why this might be is uncertain, but it is
possible that farnesal is less toxic to the tissues in which
farnesal reductase activity is lowest. Alternatively, it is
possible that farnesol is more toxic to the tissues in
which farnesal reductase activity is lowest (Hemmerlin
and Bach, 2000; Hemmerlin et al., 2006). Our data
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B 0 uM cisABA
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Col-0

fidh-1 fldh-2

suggest a primary role for FLDH in farnesol oxidation,
rather than farnesal reduction. Thus, it is reasonable to
suggest that tissues in which FLDH is expressed may be
more sensitive to the toxic effects of farnesol. To address
this important question, it will be necessary to analyze
seedlings, stems, leaves, flowers, and roots of wild-type
plants and fldh mutants for farnesol dehydrogenase
activity, farnesal content, and farnesol content.

The results shown in Figures 2 and 3 using Arabi-
dopsis membranes as a source of farnesol dehydro-
genase activity may represent the activity of a single
enzyme or the combined activities of multiple en-
zymes. To address this question, we identified a far-
nesol dehydrogenase gene from Arabidopsis to
determine if the encoded protein exhibited the same
behavior and apparent substrate specificity as the
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activity detected in Arabidopsis membranes. Because
Arabidopsis membranes contain sufficient cofactor to
support the interconversion of farnesol and farnesal, it
was not possible to determine the cofactor require-
ment(s) of the enzyme(s) present in Arabidopsis
membranes (i.e. activity is observed with or without
exogenous cofactor; Crowell et al., 2007). Interestingly,
farnesol and geranylgeraniol dehydrogenase activities
were detected in Arabidopsis membranes, with the
highest activity in the presence of geranylgeraniol, less
activity in the presence of farnesol, and no activity in
the presence of geraniol (Fig. 3). In contrast, the FLDH-
encoded enzyme exhibited the highest activity in the
presence of farnesol, less activity in the presence of
geraniol, and the least activity in the presence of
geranylgeraniol (Fig. 7). Because the substrate profile
of the FLDH-encoded farnesol dehydrogenase does
not match the substrate profile observed in Arabidop-
sis membranes (i.e. geranylgeraniol is the preferred
substrate when Arabidopsis membranes are used,
but farnesol is the preferred substrate of the FLDH-
encoded enzyme), it is likely that the activity detected
in Arabidopsis membranes represents multiple dehy-
drogenases, including a geranylgeraniol dehydroge-
nase and possibly an NADP'-dependent farnesol
dehydrogenase (Inoue et al., 1984; Mayoral et al.,
2009). In addition, our data suggest that the FLDH-
encoded farnesol dehydrogenase catalyzes farnesol
oxidation rather than farnesal reduction. Thus, other
enzymes must also exist to catalyze farnesal reduction
in Arabidopsis.

As stated above, the FLDH-encoded farnesol dehy-
drogenase was active in the presence of farnesol,
geraniol, and geranylgeraniol (in descending order).
However, competition assays demonstrated that far-
nesol was the most potent competitor, followed by
geranylgeraniol and geraniol (in descending order).
These observations suggest that farnesol has the high-
est affinity for the active site and highest catalytic
turnover rate. In contrast, geranylgeraniol appears to
bind to the active site better than geraniol, but with a
slower catalytic turnover rate. To confirm or refute these
predictions, careful enzymatic analyses with purified
enzyme will be necessary to determine precisely how
different prenyl alcohols interact with the active site of
the FLDH-encoded farnesol dehydrogenase.

ABA regulates the expression of multiple genes
involved in farnesol metabolism. For example, the
RT-PCR data shown in Figure 8 demonstrate that ABA
represses the expression of the FLDH gene. This ob-
servation is supported by microarray data visualized
using the Bio-Array Resource for Plant Functional
Genomics at the University of Toronto. RT-PCR and
microarray data also demonstrate that FCLY expres-
sion is repressed by ABA (Supplemental Fig. S3).
Given that mutants with T-DNA insertions in the
FCLY gene exhibit decreased FCLY expression and an
enhanced response to ABA, it is reasonable to specu-
late that ABA repression of FCLY expression also
causes an enhanced response to ABA (Crowell et al.,
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2007). Similarly, the decreased ABA sensitivity of
T-DNA insertion mutants with elevated levels of FLDH
mRNA and activity suggest that FLDH negatively
regulates ABA signaling (Figs. 9 and 10). The mecha-
nism by which FLDH regulates ABA signaling remains
unknown, but it is possible that it occurs via modula-
tion of FC lyase activity (i.e. FCLY expression may be
elevated in fldh-1 and fldh-2 mutants). Whatever the
mechanism, direct or indirect, our data indicate that
ABA represses FLDH expression and FLDH expres-
sion reduces ABA sensitivity.

CONCLUSION

In this study, our goal was to establish the existence
of a farnesol dehydrogenase enzyme in Arabidopsis,
characterize the enzyme with respect to isoprenoid
and cofactor specificity, identify the corresponding
gene, and examine the regulation and function of the
gene. From the data shown here, we conclude that
Arabidopsis membranes possess farnesol dehydro-
genase activity and that the FLDH (At4g33360) gene
encodes an NAD"-dependent farnesol dehydrogenase
with partial specificity for farnesol as a substrate.
Moreover, we conclude that ABA represses the ex-
pression of the FLDH gene and that FLDH expression
negatively regulates ABA signaling. These findings
suggest a regulatory feedback mechanism whereby
ABA regulation of FLDH expression increases ABA
responsiveness of plant cells.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) seeds were sterilized according to the
following procedure: 95% ethanol for 5 min, 20% to 50% bleach for 5 to 20 min,
followed by five washes in sterile deionized water. Seeds were then suspended
in 0.1% agar, stratified on 0.5X Murashige and Skoog (MS) plates containing
1% Suc and 0.8% agar for 3 d at 4°C, and germinated at 22°C under long-day
conditions (18 h of white light at 100 umol m ?s ™! followed by 6 h of dark) ina
vertical orientation. Seedlings were harvested after 4 d for extraction of
membranes or isolation of total RNA or transferred to soil and grown
under the same conditions. Plants were fertilized with a standard mixture
of macro- and micronutrients from below.

Preparation of Arabidopsis Seedling Membranes

Arabidopsis seedlings were pulverized after 4 d of growth at 4°C in a
buffer containing 50 mm HEPES, pH 7.4, 500 mm mannitol, 5 mm EDTA, 5 mm
dithiothreitol (DTT), and Complete protease inhibitors (Roche Diagnostics).
Seedling extracts were then filtered through four layers of cheesecloth and
centrifuged for 10 min at 8,000g, and extract supernatants were centrifuged for
60 min at 100,000g. Membrane pellets were resuspended in a buffer containing
2.5 mm HEPES, pH 7.0, 250 mM mannitol, and 1 mm DTT, and aliquots were
stored at —80°C in the presence of 15% glycerol.

Farnesol Dehydrogenase Assays

Farnesol dehydrogenase assays were performed in the presence of
Arabidopsis or yeast membranes (100 ug membrane protein), [1-’H]farnesol,
20 mm Tris-HC1, pH 7.5, and 0.1 or 0.2 mm NAD" or NADP" at 30°C for 30 min.
Reactions were spotted onto a plastic-backed silica gel plate, developed using
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hexane:tetrahydrofuran (3:1) as a mobile phase, and analyzed by fluorography
using En’hance fluorographic reagent (Perkin-Elmer) and Kodak X-OMAT
film (Eastman Kodak).

[1-*H]Farnesol was generated by calf intestine alkaline phosphatase treat-
ment of [1—3H]farr\esyl diphosphate (26.2 Ci mmol~}; Perkin-Elmer) according
to the manufacturer’s instructions (New England Biolabs). Alternatively,
[1-*H]farnesol was purchased from American Radiolabeled Chemicals (60 Ci
mmol ) and purified by preparative TLC using a plastic-backed silica gel
plate and hexane:tetrahydrofuran (3:1) as a mobile phase (the [1-*H]farnesol
from American Radiolabeled Chemicals was not pure and produced a TLC
radiofluorogram identical to that of dephosphorylated [1-*H]farnesyl diphos-
phate). [1-°H]Farnesol was eluted from excised TLC spots with hexane, dried
under nitrogen gas, dissolved in ethanol, and used in farnesol dehydrogenase
assays as described above.

Spectrophotometric assays were performed as described above except that
unlabeled farnesol, geranylgeraniol, or geraniol was used at a concentration of
1 mm. Reactions were started with cofactor, transferred to a quartz cuvette, and
absorbance was monitored at 340 nm for 10 min. Specific activity was calculated
using Beer’s Law and an extinction coefficient for NADH of 622 cm™ ' mM .

Expression of Recombinant Arabidopsis Farnesol
Dehydrogenase Activity in Yeast

The coding sequences of the At5g16990, At5g16960, At4g33360, and
At3g61220 genes were amplified using the Platinum Quantitative RT-PCR
Thermoscript One-Step System (Invitrogen/Life Technologies) and the fol-
lowing primers: At5g16990-5, 5'-GGGGGATCCATGACGACGAACAAG-
CAGGTCATATTC-3’; At5g16990-3, 5'-GGGGGATCCTCACTCACGAGCAA-
TAACAACAACTTGT-3'; At5g16960-5, 5'-GGGGGATCCATGGCGACAAC-
GATCAACAAGCAAGTC-3'; At5g16960-3, 5'-GGGGGATCCTTATGATGG-
CGAAACCACGACAAGTTGT-3'; At4g33360-5, 5'-GGGGGATCCATGGGC-
CCAAAGATGCCCAACACAGAA-3’; At4g33360-3, 5 -GGGGGATCCTCAG-
TAGTGAATGACGCCCAGACTCTTC-3'; At3g61220-5, 5'-GGGGGATCCA-
TGGCAGAGGAAACTCCAAGATATGCTG-3'; At3g61220-3, 5'-GGGGGAT-
CCTCAGAATTCTGAAACTTGCTTGCGACTAAAG-3'. The resulting frag-
ments were inserted into the pYES2.1/V5-His-TOPO vector and sequences
and orientations confirmed by DNA sequence analysis. The resulting plas-
mids, called pCL194, pCL195, pCL196, and pCL197, respectively, were intro-
duced into Saccharomyces cerevisiae strain SM1058 (MATa leu2, ura3, trpl, his4,
canl). For yeast transformations, cultures were grown at 30°C overnight in 2
mL of YPAD (1% w/v yeast extract, 2% w/v bacto-peptone, 2% w/v Glc, and
100 pg/mL adenine) and diluted into 100 mL of fresh, prewarmed YPAD.
After 90 min at 30°C, the cells were sedimented for 5 min at 3,000 rpm, washed
twice in 10 mL of sterile water, washed once in 10 mL of LiAc/TE buffer (0.1 m
lithium acetate, 10 mm Tris-HCl, pH 7.5, and 1 mm EDTA), and resuspended in
LiAc/TE buffer to a concentration of 2 X 10° cells mL™* (1 X 10 cells mL ™
corresponds to Ay of approximately 0.7). The cells were then incubated
without agitation for 15 min at 30°C, and 50-uL aliquots were dispensed into
1.5-mL microfuge tubes. The following additions were made to individual
aliquots of cells: 5 uL of 10 ug/uL of salmon sperm DNA, 1 ug of pCL194,
pCL195, pCL196, or pCL197 DNA, and 300 uL of 40% w/v polyethylene
glycol in LiAc/TE buffer. After incubation without agitation at 30°C for 30
min, the cells were heat shocked at 42°C for 20 min, sedimented for 15 s in a
microcentrifuge, and resuspended in 0.5 mL of CSM-ura medium (0.08% w /v
CSM-ura, pH 5.8, 0.17% w/v yeast nitrogen base, 0.5% w/v ammonium
sulfate, and 2.0% w/v Glc). Transformed yeast cells were selected on CSM-ura
agar plates. Transformed and untransformed yeast were then grown at 30°C to
log phase in liquid CSM medium containing 2% Glc in the presence or absence
of uracil (CSM-ura was used to maintain selective pressure on cells containing
At5g16990, At5g16960, At4g33360, and At3g61220 expression constructs).
Cells were shifted into CSM medium containing 2% Gal and incubated at 30°C
for an additional 14 h prior to harvest. Cells were then lysed in a buffer
containing 100 mwm Tris-HCI, pH 7.5, 1 mm DTT, 20% v/v glycerol, and
Complete protease inhibitors (Roche Diagnostics) by vigorous vortexing in the
presence of glass beads, and membranes were prepared by ultracentrifugation
at 100,000g for 1 h. Membranes were then assayed for farnesol dehydrogenase
activity as described above.

RNA Isolation and RT-PCR

Wild-type Col-0 seeds were surface sterilized and plated on sterile Whatman
filters, which were overlaid on 0.5X MS plates containing 1.0% Suc and
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0.8% agar. After 3 d of stratification at 4°C, seedlings were germinated in a
vertical orientation at 22°C under long-day conditions (18 h of white light at
100 pmol m ™2 s™! followed by 6 h of dark) and grown for an additional 4 d.
Filters and seedlings were then transferred onto identical plates containing 0,
0.5,2.5, or 5.0 um ABA for 16 h (DMSO was used as a solvent control), and total
RNA was isolated using TRIzol Reagent according to the manufacturer’s
instructions (Invitrogen/Life Technologies). RT-PCR was then performed to
analyze FLDH transcript levels using 5 ng of input RNA, 5 pmol of forward
primer, 5 pmol of reverse primer, and the Platinum Quantitative RT-PCR
Thermoscript One-Step System (Invitrogen/Life Technologies) in a total
reaction volume of 25 uL. The FLDH forward and reverse primers were as
follows: At4g33360-RT5, 5'-GTAACGGATTACCGTTCTCTAACGG-3’, and
At4g33360-RT3, 5'-TGGAAGCTTTCCTGTAACCCGAGAG-3'. RT-PCR con-
ditions included a 30-min reverse transcription step at 50°C, followed by a
2-min presoak at 95°C, and 40 cycles of the following PCR program: 95°C, 30 s;
55°C, 30 s; 68°C, 90 s. A postsoak was performed at 68°C for 4 min to ensure
complete product synthesis. RT-PCR products were resolved by agarose gel
electrophoresis and visualized by ethidium bromide staining.

Analysis of T-DNA Insertion Mutants

Genomic DNA was isolated from wild-type Col-0 and fldh seedlings using
Plant DNAzol according to the manufacturer’s instructions (Invitrogen/Life
Technologies). Genomic analysis of wild-type and fldh mutant lines was then
performed by PCR using 0.2 ng of genomic DNA, 5 pmol of forward primer, 5
pmol of reverse primer, and Ex-Taq polymerase (TaKaRa Bio) in a total
reaction volume of 25 L. PCR conditions varied, but generally consisted of a
5-min hot start presoak at 95°C and 40 cycles of the following PCR program:
95°C, 30 s; 55°C, 30 s; 72°C, 1 min. A postsoak was performed at 72°C for 7 min
to ensure complete product synthesis. Two different PCR analyses were
performed. The first used two gene-specific primers: At4g33360-F, 5'-TCTG-
ATGGATACAGAGGAGAGGTG-3', and At4g33360-R, 5'-CATTCTTCAGTC-
CACCAACGTTGAC-3'. The second PCR analysis used a T-DNA-specific
primer and one of these two gene-specific primers. The T-DNA-specific primer
was TDNA SALK-LBb1, 5'-GCGTGGACCGCTTGCTGCAACT-3'.

Total RNA was isolated from seedlings of wild-type and fldh plants using
TRIzol Reagent according to the manufacturer’s instructions (Invitrogen/Life
Technologies). RT-PCR was then performed to analyze FLDH transcript levels
in wild-type and fldh plants as described above.

Seed Germination Assays

Seeds used for germination assays were harvested from control and
experimental plants, which were grown together under identical conditions.
Seeds were surface sterilized, suspended in sterile 0.1% agar, and placed on
0.5X MS plates containing 1% Suc and 0.8% agar in the dark at 22°C. Seeds
from control and experimental plants were sown on the same plates, and
germination (radical emergence) was scored in the presence of various
concentrations of exogenous ABA under a dissecting microscope.

Stomatal Closure Assays

Rosette leaves were excised and incubated for 2 h in the presence of various
concentrations of ABA or an equivalent volume of DMSO in 10 mL of water.
Epidermal peels were then prepared by peeling away the leaf surface with
Scotch tape. Epidermal peels were stained with toluidine blue, mounted on a
microscope slide, and visualized with a Leica DMRB microscope interfaced to
a SPOT digital camera. Data are recorded as the average width per length of
individual apertures (83 < n < 166) relative to the 0 um ABA sample for each
line. Excision and incubation of leaves in the presence of various concentra-
tions of ABA was performed in random order by ].B. Epidermal peels,
photography, and measurement of stomatal apertures were performed by A.
H.E. without knowledge of sample identities.

Statistical Methods

Data are presented as the mean plus or minus the st of the mean.
Statistically significant differences were determined by Student’s ¢ test.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number NM_119490.
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Arabidopsis membranes contain sufficient co-
factor to support farnesol dehydrogenase activity.

Supplemental Figure S2. The FLDH-encoded farnesol dehydrogenase is
not a farnesal reductase.

Supplemental Figure S3. FCLY is negatively regulated by ABA.

Supplemental Figure S4. Molecular characterization of fldh mutants of
Arabidopsis
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