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Sterols are vital for cellular functions and eukaryotic development because of their essential role as membrane constituents.
Sterol biosynthetic intermediates (SBIs) represent a potential reservoir of signaling molecules in mammals and fungi, but little
is known about their functions in plants. SBIs are derived from the sterol C4-demethylation enzyme complex that is tethered
to the membrane by Ergosterol biosynthetic protein28 (ERG28). Here, using nonlethal loss-of-function strategies focused on
Arabidopsis thaliana ERG28, we found that the previously undetected SBI 4-carboxy-4-methyl-24-methylenecycloartanol
(CMMC) inhibits polar auxin transport (PAT), a key mechanism by which the phytohormone auxin regulates several aspects
of plant growth, including development and responses to environmental factors. The induced accumulation of CMMC in
Arabidopsis erg28 plants was associated with diagnostic hallmarks of altered PAT, including the differentiation of pin-like
inflorescence, loss of apical dominance, leaf fusion, and reduced root growth. PAT inhibition by CMMC occurs in a
brassinosteroid-independent manner. The data presented show that ERG28 is required for PAT in plants. Furthermore, it is
accumulation of an atypical SBI that may act to negatively regulate PAT in plants. Hence, the sterol pathway offers further
prospects for mining new target molecules that could regulate plant development.

INTRODUCTION

Sterols are isoprenoid compounds that have been recruited for
diverse biological functions by living organisms since the ap-
pearance of oxygen in the atmosphere (Brown and Galea, 2010).
The conversion of sterols into brassinosteroids provides the only
known sterol-derived hormones in plants (Zhu et al., 2013).
However, several sterol-deficient mutants displaying dwarf phe-
notypes, patterning defects, and pseudoembryonic and seedling
lethality are not rescued by brassinosteroids (Clouse, 2002;
Lindsey et al., 2003). These mutant phenotypes are either due
to altered membrane structure and perturbed sterol dependent

endocytic trafficking of auxin transporters (Men et al., 2008;
Boutté and Grebe, 2009; Petrásek and Friml, 2009) or
to potential unidentified sterol biosynthetic intermediates (SBIs)
involved in brassinosteroid-independent regulation of plant
development (Clouse, 2000, 2002; Schrick et al., 2002; He
et al., 2003).
The identification of meiosis-activating sterols from human

follicular fluid and testicular tissue (Byskov et al., 1995) and in
hyperproliferative skin disease such as psoriasis, where they
promote immunocyte proliferation via Toll-like receptors and
liver X receptors (He et al., 2011) and the neuroprotective role of
lanosterol (Lim et al., 2012), demonstrated that SBIs possessing
a methyl group attached to carbon 4 in the A-ring of sterols (C4-
methyl SBIs) (Figure 1) can have a biological function beyond
sterol synthesis (Janowski et al., 1996; Castrillo et al., 2003;
Bensinger et al., 2008; He et al., 2011; Lim et al., 2012). This is
supported across phyla as C4-methyl SBIs of the ergosterol
pathway represent an oxygen sensor in fission yeast (Schizo-
saccharomyces pombe) and in the pathogenic fungus Crypto-
coccus neoformans (Espenshade and Hughes, 2007; Hughes
et al., 2007). C4-methyl sterol derivatives are also implicated in
the physiology of nematodes, which are auxotroph for sterols.
These organisms reintroduce, via STRM-1, a C4-methyl to the

1 These authors contributed equally to this work.
2 Current address: Laboratoire de Physiologie des Fruits et Légumes,
Université d’Avignon et des Pays de Vaucluse, 21 239 Avignon, France.
3 Address correspondence to florence.bouvier@ibmp-cnrs.unistra.fr.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Florence Bouvier (florence.
bouvier@ibmp-cnrs.unistra.fr).
C Some figures in this article are displayed in color online but in black and
white in the print edition.
W Online version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.113.115576

The Plant Cell, Vol. 25: 4879–4893, December 2013, www.plantcell.org ã 2013 American Society of Plant Biologists. All rights reserved.

mailto:florence.bouvier@ibmp-cnrs.unistra.fr
http://www.plantcell.org
mailto:florence.bouvier@ibmp-cnrs.unistra.fr
mailto:florence.bouvier@ibmp-cnrs.unistra.fr
http://www.plantcell.org/cgi/doi/10.1105/tpc.113.115576
http://www.plantcell.org


ring A of sterols ingested from diet to trigger the signaling
cascade that helps endure stress conditions as dauer larvae
(Hannich et al., 2009).

The key step leading to the formation of C4-methyl SBI is
mechanistically conserved throughout evolution from yeast
(Saccharomyces cerevisiae) to man and plants and is catalyzed
by the sterol C4 demethylase (SC4DM) multienzyme complex
(Gaylor, 2002; Mo et al., 2002; Bouvier et al., 2005) (Figures 1A
and 1B; see Supplemental Figure 1 online). The SC4DM multi-
enzyme complex consists of sterol 4a-methyl oxidase (SMO),
4a-carboxysterol-C3-dehydrogenase/C4-decarboxylase (CSD),
and sterone ketoreductase (SKR) (Bouvier et al., 2005), which
act in a sequential manner. Previous studies from yeast have
shown that the ERG28 protein functions as a scaffold in the
endoplasmic reticulum to tether the SC4DM component en-
zymes to the membrane (Mo and Bard, 2005) (Figure 1B).

We predicted that if the function of yeast Ergosterol bio-
synthetic protein28 (ERG28; Gachotte et al., 2001) is conserved
across phyla, its putative Arabidopsis thaliana homolog (see
Supplemental Figure 2 online) would provide a unique
opportunity to trigger the accumulation of C4-methyl SBIs that
potentially modulate plant development without depleting the
synthesis of sterols that are required for membrane integrity,
endocytic trafficking (Boutté and Grebe, 2009), and brassino-
steroid synthesis (Fujioka and Yokota, 2003). The relevance of
this strategy is favored by the fact that Arabidopsis ERG28 is
highly conserved among plants and is represented by a single-
copy gene in the Arabidopsis genome (http://www.Arabidopsis.
org), thus precluding any compensation due to functional re-
dundancy. To test this hypothesis, we first demonstrated the
scaffolding role of Arabidopsis ERG28 in the SC4DM complex
and then modulated its expression in Arabidopsis. We show that
Arabidopsis ERG28 plays an essential role in the maintenance of
polar auxin transport (PAT). It does so by restricting the release
and accumulation of CMMC, which in addition to its bio-
synthetic function inhibits PAT. Our data provide an unexpected
level of interaction between sterols and auxin.

RESULTS

Arabidopsis ERG28 Functions as a Scaffolding
Platform for Coassembling the Sterol C4
Demethylation Enzyme Complex

We first fused Arabidopsis ERG28 to green fluorescent protein
(ERG28-GFP) and, using RTNLB2-GFP used as an endoplasmic
reticulum marker (Jadid et al., 2011), showed that ERG28-GFP
was specifically localized to the endoplasmic reticulum, the main
site of plant sterol biosynthesis (Grebe et al., 2003; Benveniste,
2004; Bouvier et al., 2005) (see Supplemental Methods 1 and
Supplemental Figure 3 online). To test whether ERG28 interacts
with component enzymes of the SC4DM complex in plants, we
coexpressed constructs encoding SMO1-GFP, CSD-GFP (Bouvier
et al., 2005), and putative Arabidopsis SKR-GFP (Desmond and
Gribaldo, 2009) in tobacco (Nicotiana tabacum) leaves and used
anti-Arabidopsis ERG28 antibody to determinewhether ERG28 tethers
SC4DM component enzymes from the solubilized microsomes.

We monitored the interaction of ERG28 and SC4DM using anti-
GFP antibodies for both immunoblotting and to pull down ERG28.
We found that SMO1-GFP, CSD-GFP, and SKR-GFP bind selec-
tively to ERG28, consistent with a tethering role of ERG28 for plant
SC4DM enzyme complex that facilitates the sequential transfer
of C4-methyl SBIs among the different enzymes of the complex,
as has been shown in yeast (Mo and Bard, 2005) (Figures 1B
and 1C).
The tethering role of ERG28 was further demonstrated directly

by pull-down assay using biotinylated ERG28 attached to
streptavidin-agarose and recombinant Arabidopsis SMO1, CSD,
and SKR (Figure 1D; see Supplemental Table 1 online). These
data were reinforced by the fact that Arabidopsis ERG28 func-
tionally complemented the yeast erg28mutant, which accumulates
4a-carboxy-zymosterol, 4a-carboxy-fecosterol, and 4b-methyl-
4a-carboxy-zymosterol SBIs derived from the yeast SC4DM
multienzyme complex (Gachotte et al., 2001). The sterol com-
position indicates that the wild-type ergosterol pathway was
restored in complemented yeast erg28 (see Supplemental
Methods 1 and Supplemental Table 2 online). These data in-
dicate that Arabidopsis ERG28 could be integrated into the
yeast SC4DM multienzyme complex, thus supporting the func-
tional similarity between Arabidopsis ERG28 and yeast ERG28.

Loss of ERG28 Function Recapitulates Phenotypes
Caused by Altered PAT

In our search for C4-methyl SBIs that could regulate plant de-
velopment, we downregulated the expression of ERG28 by RNA
interference (RNAi) in Arabidopsis, using a gene-specific hair-
pin insert that would potentially induce the accumulation of
C4-methyl SBIs. In parallel, we analyzed two Arabidopsis lines
(SALK_025834 and SALK_000240) having a T-DNA insertion in
the ERG28 gene. In a prescreening analysis, we noted that both
RNAi knockdown and T-DNA insertion knockout of Arabidopsis
ERG28 led to such broad phenotypic pleiotropy that the effects
could be misinterpreted as the result of distinct genes of in-
terest. This phenomenon is reiterated in the progeny of fertile
plants. A similar, but less pronounced, morphological variability
could be deduced from Arabidopsis sterol biosynthetic mutants
hydra1 (Schrick et al., 2002; Souter et al., 2002), smt1/cph/orc
(Diener et al., 2000; Schrick et al., 2002; Willemsen et al., 2003;
Carland et al., 2010), and fackel/hydra2 (Jang et al., 2000;
Schrick et al., 2000).
Thus, to facilitate the analysis of the loss-of-function Arabi-

dopsis ERG28, we categorized the mutant plants into six phe-
notypic classes according to their vegetative phenotype. We
then analyzed two independent populations of RNAi lines in
which the expression of ERG28 was strongly reduced. These
lines are referred to as erg28R1-1 to erg28R1-6 (Figures 2A and
3) and erg28R2-1 to erg28R2-6 (see Supplemental Figures 4A
and 5 online). We adopted the same procedure for the T-DNA
lines referred to as erg28T1-1 to erg28T1-6 (SALK_025834)
(Figures 2B and 3) and erg28T2-1 to erg28T2-6 (SALK_000240)
(see Supplemental Figures 4B and 5 online). The expression
level of ERG28 in the six characteristic classes was verified
using RT-PCR and quantitative RT-PCR (qRT-PCR) analyses,
followed by immunoblot analysis of the ERG28 protein in the
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RNAi lines (Figure 2A; see Supplemental Figure 4A online) and
the T-DNA lines (Figure 2B; see Supplemental Figure 4B online).
These data revealed that ERG28 was strongly knocked down in
the RNAi lines and knocked out in the T-DNA lines compared
with wild-type plants.
Within each class, the RNAi knockdown and T-DNA knockout

of Arabidopsis ERG28 displayed nearly identical observable
phenotypes with respect to vegetative development. (Figure 3;
see Supplemental Figure 5 online). Plants grouped into class 1
(35%, n = 450) were strongly compacted and display short
petioles and epinastic leaves with reduced lamina size (Figures
3A and 3B; see Supplemental Figures 5A and 5B online). Leaves
of the mutants displayed a dark-green color due to increased
chlorophyll content and they also exhibited delayed senescence
and increased anthocyanidin accumulation (Figures 3A and 3B;
see Supplemental Figures 5A and 5B online). The root system
aborted or was drastically reduced compared with wild-type
plants. Plants grouped into class 2 (7%) had single frail shoots,
and the terminal inflorescence bore one or very few flowers
(Figures 3C to 3E; see Supplemental Figures 5C and 5D online).
These plants displayed epinastic leaves as observed for class 1
plants and had short roots similar to pin-like mutants (Okada
et al., 1991; Bennett et al., 1995; Gälweiler et al., 1998) or wild-
type Arabidopsis treated with synthetic PAT inhibitors such as
naphthylphthalamic acid (NPA) (Mattsson et al., 1999; Sieburth,
1999). The upright growth of adult plants was perturbed due to
weakened rigidity of the stem, a phenotype characteristic of
revoluta mutants, which display reduced interfascicular fiber
differentiation (Zhong and Ye, 2001), or irx, a cellulose synthase
mutant that displays collapsed mature xylem cells (Turner and
Somerville, 1997) (Figure 3E). This is reminiscent of the cell wall
deficiencies described for Arabidopsis sterol mutants fk, hyd1,
and smt1/cph/orc (Schrick et al., 2004b).
Class 3 plants (3%) developed shorter shoots and roots and

exhibit loss of apical dominance and nonerect upright growth
like class 2 plants (Figures 3F to 3I; see Supplemental Figures
5E and 5F online). Plants grouped in class 4 plants (20%) ex-
hibited elongated, asymmetric leaves (Figures 3J and 3K; see
Supplemental Figures 5G and 5H online) and loss of apical

Figure 1. Arabidopsis ERG28 Tethers the SC4DM Multienzyme Com-
plex Catalyzing the Production of C4-Methyl SBIs.

(A) Four SBIs (red asterisks) including CMMC are sequentially formed but
not released from the enzyme supercomplex during the conversion of
24-methylene cycloartanol to cycloeucalenol. The reaction is catalyzed
by SC4DM component enzymes (SMO1, sterol 4a-methyl oxidase;
CSD, 4a-carboxysterol-C3-dehydrogenase/C4-decarboxylase; and SKR,
sterone keto-reductase) tethered by ERG28 to promote the channeling of
SBIs (for additional steps catalyzed by the SC4DM multienzyme complex,
see Supplemental Figure 1 online).
(B) Model predicting the tethering of SC4DM multienzyme complex by
ERG28 based on yeast data.

(C) Coimmunoprecipitation of SC4DM-GFP component enzymes
(SMO1-GFP, CSD-GFP, and SKR-GFP) from leaves transfected with
constructs as shown above the gel lanes using anti-Arabidopsis ERG28
coupled to sepharose beads and immunoblot analysis with anti-GFP.
(D) In vitro interactions between Arabidopsis ERG28 and the SC4DM
component enzymes. Biotinylated recombinant Arabidopsis ERG28
attached to streptavidin agarose was used as a bait to pull down
recombinant Arabidopsis: SMO1, CSD, and SKR. Rubisco was used as a
negative control bait. Soluble extracts from Escherichia coli over-
expressing recombinant SMO1 (1 to 298), CSD (134 to 322), and SKR (98
to 229) as thioredoxin fusion proteins were incubated in a 1:1:1 (v:v:v)
ratio or individually with purified biotinylated ERG28 or Rubisco immo-
bilized on agarose beads before elution. SDS-PAGE analysis of soluble
bacterial lysate from induced bacteria harboring an empty vector or
a mixture of soluble proteins from induced bacteria expressing SMO1,
CSD, and SKR and ERG28-interacting proteins.
[See online article for color version of this figure.]
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dominance (Figure 3L). Class 5 plants (15%) show asymmetric
leaf blades and petiole fusions as observed in PAT-inhibited
plants (Mattsson et al., 1999; Sieburth, 1999; Donner et al.,
2009) (Figures 3M and 3N; see Supplemental Figures 5I, 5J, and
6A to 6C online). Adult plants grouped in class 5 displayed also
nonerect upright growth like class 2 mutants, probably due to
a defect in the differentiation of interfascicular fibers (Figure 3O;
see Supplemental Methods 1 and Supplemental Figures 6D and
6E online). The remainder of the plants (class 6, 20%) developed
pin-like apical meristem (Figures 3P and 3Q; see Supplemental
Figures 5K and 5L online) and have irregular leaf margins, while
the primary root elongation was inhibited and radially expanded
(Figures 3P and 3Q; see Supplemental Figures 5K, 5L, 6F, and
6G online). The changes affecting the root system of class 6
plants were also revealed by the differentiation of xylem strands
and the randomized formation of root hairs near the root tip at
positions normally not occupied by root hairs in the wild-type
plants (see Supplemental Methods 1 and Supplemental Figures
6F and 6G online). Notably, the trichoblasts produced root
hair outgrowths in a random pattern up to the apex (see
Supplemental Methods 1 and Supplemental Figures 6F and
6G online), a pattern that is reminiscent of the pattern induced
by deregulated expression of GLABRA2 (GL2), a transcription
factor specifying the formation of root hairs (Masucci et al.,
1996).
Drastic reduction of root growth and organization have been

also been observed in the sterol mutants hyd1 and hyd2/fk
(Souter et al., 2002) and smt1/orc/cph (Willemsen et al., 2003),
and this was associated with deregulated expression of GL2,
thus confirming critical roles played by sterols in the de-
velopment of root hairs (Ovecka et al., 2010). The survival rate
of erg28 plants transferred from the Murashige and Skoog solid
medium to soil varied from 0 to 95% (Figure 4). The wild-type
phenotype was restored by transformation of erg28 T-DNA
knockout mutants with the wild-type ERG28 cDNA (Figures 3R
to 3U; see Supplemental Figures 5M and 5N online), demon-
strating that the phenotypic pleiotropy of erg28 plants was caused
by decreased or abolished expression of ERG28 via knockdown
or knockout.

Figure 2. Characterization of Arabidopsis erg28RNAi (erg28R1-1 to
erg28R1-6) and erg28T-DNA (erg28T1-1 to erg28T1-6) Mutants.

(A) erg28RNAi plants were named erg28R1-1 to erg28R1-6. RT-PCR
(top) and qRT-PCR analyses (middle) of ERG28 transcript of erg28R1-1

to erg28R1-6 and wild-type (WT) plants, followed by immunoblot anal-
ysis (bottom) using anti-Arabidopsis ERG28. a-Tubulin (At1g04820) was
used as a positive control for the RT-PCR (27 cycles for a-Tubulin and 35
cycles for erg28R1-1 to erg28R1-6 plants). The results of the qRT-PCR
analysis represent mean values (error bars are SD; n = 3).
(B) erg28 T-DNA plants derived from the SALK line (SALK_025834)
bearing an insertion in ERG28 (At1g10030) were designated erg28T1-1
to erg28T1-6 and characterized. Schematic diagram (top) shows the
T-DNA insertion indicated by the open triangle (black boxes, thin lines,
and white boxes indicate exons, introns, and untranslated regions,
respectively; D1, R1, and R2 were used as primers), followed by RT-PCR
(top middle), qRT-PCR (bottom middle), and immunoblot (bottom) anal-
yses performed as in (A) compared with wild-type plants. The results of
the qRT-PCR analysis represent mean values (error bars are SD; n = 3).
The combinations of D1-R1 and D1-R2 give the same result.
(C) RT-PCR characterization of erg28T-DNA knockout plants complemented
with Arabidopsis ERG28 (com1) compared with wild-type plants. Experi-
mental conditions were as shown in (A).

4882 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.115576/DC1


Because shoot and root meristems of erg28 plants were
functional, we next asked whether treatment with plant hor-
mones could restore the wild-type phenotype. Using erg28
class 1 mutants (erg28R1-1 and erg28T1-1) in which shoot and
root development are dramatically altered, we found that treatment

with 1 and 2.5 mM indole-3-acetic acid (IAA), gibberellin A3,
trans-zeatin, the ethylene precursor 1-aminocyclopropane-1-
carboxylic-acid , and 24-epibrassinolide could not restore the wild-
type phenotype (see Supplemental Methods 1 and Supplemental
Figure 7 online). We also observed that erg28 plants showed

Figure 3. erg28 Plants Exhibit PAT Inhibition Phenotypes.

Phenotypes resulting from the RNAi knockdown (erg28R1-1 to erg28R1-6) and knockout (erg28T1-1 to erg28T1-6) of ERG28 were categorized into six
phenotypic classes according to their vegetative development and compared with wild-type (WT) and complemented (Com1) plants. Bars = 0.5 cm.
(A) and (B) Class 1 erg28R1-1 (A) and erg28T1-1 (B) compacted plants with epinastic leaves and almost rootless. 45-day-old plants.
(C) to (E) Class 2 erg28R1-2 (C) and erg28T1-2 (D) plants have reduced axillary inflorescence, short roots, epinastic leaves, and pendulous stature (E).
Thirty-five-day-old ([C] and [D]) and 90-d-old (E) plants.
(F) to (I) Class 3 erg28R1-3 (F) and erg28T1-3 (G) plants develop shorter shoots and roots and have reduced apical dominance ([H] and [I]). Thirty-five-
day-old ([F] and [G]) and 90-d-old ([H] and [I]) plants.
(J) to (L) Class 4 erg28R1-4 (J) and erg28T1-4 (K) plants show elongated and asymmetric overgrowth of leaf blades, altered root growth, and reduced
apical dominance (L). Forty-day-old ([J] and [K]) and 90-d-old (L) plants.
(M) to (O) Class 5 erg28R1-5 (M) and erg28T1-5 (N) plants display asymmetric leaf blades and leaf fusions (arrowhead). Adult plants show nonerect
upright growth (O). Forty-day-old ([M] and [N]) and 90-d-old (O) plants.
(P) and (Q) Class 6 erg28R1-6 (P) and erg28T1-6 (Q) plants show irregular leaf margins and perturbed apical meristems leading to pin-like shoot
(arrowhead and close-up view below) and inhibition of root elongation. Fifty-day-old plants.
(R) to (U) Wild-type ([R] and [T]) and erg28T-DNA knockout plants complemented (Com1) with Arabidopsis ERG28 cDNA ([S] and [U]). Twenty-day-old
([R] and [S]) and 50-d-old ([T] and [U]) plants.
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reduced primary root elongation in response to auxin (IAA and
1-naphthalene acetic acid) treatments (see Supplemental
Methods 1 and Supplemental Figure 8 online). We analyzed
the expression pattern of Arabidopsis ERG28 using publicly
available transcriptome databases. ERG28 was expressed
throughout the life cycle with highest expression level during
embryonic and early seed and silique development, in apical
tissues, and during root development (see Supplemental
Methods 1 and Supplemental Figures 9 and 10 online). This
trend was confirmed by qRT-PCR analysis (see Supplemental Figure
11 online). The expression data collected from GENEVESTIGATOR
(https://www.genevestigator.com/gv/plant.jsp) and BAR (http://
bar.utoronto.ca/welcome.html) did not reveal significant changes
in the expression of ERG28 in response to biotic or abiotic
stresses.

Loss of ERG28 Function Leads to the Inhibition of PAT

We found that the phenotypes of erg28 plants (Figure 3; see
Supplemental Figure 5 online) markedly recapitulate multiple de-
velopmental phenotypes characteristic of the auxin efflux carrier
pin-formed1 (pin1) mutant (Okada et al., 1991; Gälweiler et al.,
1998; Reinhardt et al., 2003) (Figures 3P and 3Q; see Supplemental
Figures 5K and 5L online), the auxin-dependent transcription factor
monopteros (Berleth and Jürgens, 1993), and the auxin tran-
scriptional repressor (Aux/IAA) mutants (Wang et al., 2005) in
which cotyledons (Berleth and Jürgens, 1993) and leaves (Wang
et al., 2005) were fused (Figures 3M and 3N; see Supplemental
Figures 5I, 5J, 6A, and 6B online). Notably, the trichoblast dif-
ferentiation zone of the erg28R2-6 plants (see Supplemental
Figure 6F online) is reminiscent of the gnomR5 mutation, which
causes PIN1 mislocalization (Geldner et al., 2004). Also, erg28
plants bore a striking resemblance to plants in which PAT has
been inhibited by synthetic inhibitors such as NPA, the
most widely used PAT inhibitor (Mattsson et al., 1999), or 2-[4-
(diethylamino)-2 hydroxybenzoyl] benzoic acid (Kim et al., 2010).
Taken together, these observations suggest that PAT inhibition
could be responsible for the pleiotropic phenotypes of erg28
plants.

To test this hypothesis, we analyzed the shoot-to-root (ba-
sipetal) transport of auxin in wild-type plants and erg28 plants

using tritium-labeled IAA, a naturally occurring auxin. Basipetal
IAA transports was reduced in erg28R1-2 and erg28T1-2 plants
compared with wild-type plants (Figure 5A). Reduction of PAT is
known to affect the differentiation of interfascicular fibers that
provide mechanical support for erect stature of stems (Zhong

Figure 4. Survival Rate of erg28 Plants Grown on Soil.

Plants belonging to the different phenotypic classes were transferred
from Murashige and Skoog solid medium to soil and grown under
greenhouse conditions. No development after 7 d was considered as 0%
survival. Data shown represent mean values (error bars are SD; n = 3).

Figure 5. PAT Characteristics in erg28 Plants.

(A) Defective PAT in erg28R1-2 and erg28T1-2 plants. Thirty-five-day-old
erg28R1-2, erg28T1-2 developing usable inflorescence stems, and wild-
type (WT) plants were used to determine IAA transport using tritium-labeled
IAA in the presence or absence of NPA (15 mM) (error bars are SD; n = 5).
(B) Expression of four NPA-responsive genes (indicated by their AGI
codes) in erg28R1-1, erg28R1-2, erg28R1-4, erg28R1-6, erg28T1-1,
erg28T1-2, erg28T1-4, and erg28T1-6 plants. Thirty-five-day-old plants
were used for qRT-PCR analysis. Data represent the fold change over the
wild type (error bars are SD; n = 3).
(C) IAA content in 35-d-old wild-type, erg28R1-2, and erg28T1-2 plants
(error bars are SD; n = 3). FW, fresh weight.
(D) Alteration of the DR5:GUS auxin reporter gene in erg28 background.
Leaves from 35-d-old DR5:GUS (left, control) and erg28T1-2/DR5:GUS
(middle and right) plants were used. Bars = 0.25 cm.
(E) Immunolocalization of PIN1 using anti-At-PIN1 in roots of 10-d-old
erg28R1-2 (left) and erg28T1-2 (middle) plants. PIN1 localizes to the
basal side of the cell, as shown in PIN1-GFP plant (right) used as a
control. Bars = 5 mm.
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and Ye, 2001). Consistent with this finding, the decreased stem
rigidity of erg28 plants was associated with parenchymatous
interfascicular fiber cells compared with highly lignified inter-
fascicular fiber cells of wild-type plants (see Supplemental Methods
1 and Supplemental Figures 6D and 6E online).

PAT impairment following NPA treatment induces the ex-
pression of several NPA-responsive genes (Wenzel et al., 2008).
Using real-time RT-PCR analysis, we found that the expression
of At2g37870, At3g08860, At3g17790, and At1g62710, which
belong to the class of NPA-responsive genes (Wenzel et al.,
2008), were induced in erg28 plants in the absence of NPA
(Figure 5B). In addition, the free IAA content in erg28 plants was
at least twofold lower than in wild-type plants (Figure 5C),
consistent with previous data demonstrating that NPA promotes
feedback inhibition of IAA biosynthesis (Ljung et al., 2001). This
is also consistent with the fact that the free IAA content is
12-fold decreased in the pin1 mutant relative to wild-type plants
(Okada et al., 1991). Taken together, these data demonstrate
that knockdown or knockout of the Arabidopsis ERG28 inhibits
PAT.

Because PAT inhibition affects auxin homeostasis by locally
increasing (Muday et al., 1995) or decreasing (Ljung et al., 2001)
auxin concentration in tissues, we used a complementary ap-
proach to evaluate the spatial distribution of auxin responses in
tissues. We used the DR5:GUS (for b-glucuronidase) gene fu-
sion, which is reactive to IAA at concentrations as low as 1025 to
1028 M (Ulmasov et al., 1997). DR5:GUS (Ulmasov et al., 1997)
was introgressed into the erg28 background. Relative to the wild
type, DR5:GUS was expressed diffusively near the leaf margin in
the erg28 background (Figure 5D), consistent with PAT inhibition
and enhanced IAA-dependent response or accumulation in the
margin, a phenomenon that contributes to leaf epinasty (Figure
5D). The misexpression of DR5:GUS in erg28 background is
reminiscent of deregulated expression of DR5:GUS in sterol
mutant plants smt1/cph/orc (Willemsen et al., 2003), cvp1 (Carland
et al., 2010), and fk/hyd2 (Souter et al., 2002; Pullen et al., 2010) as
well as wild-type Arabidopsis leaves treated with NPA (Mattsson
et al., 2003).

Previous studies have shown that the first developing leaves
represent a key source of auxin transported to roots (Ljung et al.,
2001; Bhalerao et al., 2002), and PIN1 is specifically required for
the translocation of auxin from the shoot to the root tip (Okada
et al., 1991; Gälweiler et al., 1998). However, the activity of PIN1
and PIN2 is affected by their cycling between plasma membrane
and endosomal compartments (Geldner et al., 2001; Grebe
et al., 2003; Jaillais et al., 2006). Plant sterols are required for cell
polarity (Willemsen et al., 2003) and are components of endo-
cytic vesicles that accumulate in ARA6-positive endosomes
(Grebe et al., 2003; Men et al., 2008). Although PAT is not af-
fected in the sterol mutants cvp1/smt2 (Carland et al., 1999), the
rate of PAT is reduced in sterol mutants smt1/cph/orc relative to
the wild type concomitantly to the mislocalization of PIN1 and
PIN3 (Willemsen et al., 2003). Frequent lateral instead of basal
localization of PIN1 and mislocalization of PIN2 have been ob-
served in the cyclopropylsterol isomerase1-1 mutant (Men et al.,
2008). On the other hand, PIN1 and PIN2 are in general correctly
localized in sterol mutants hyd1 or hyd2/fk (Souter et al., 2002;
Pullen et al., 2010). Because PIN1 must be properly localized to

the basal end of vascular tissue cells (Gälweiler et al., 1998) to
exert its function, it remained possible that mislocalization of
PIN1 may have impacted PAT inhibition in erg28 plants. To test
this hypothesis, we used antibody raised against PIN1 to reveal
its localization. By immunofluorescence microscopy analysis,
we observed that PIN1 was correctly localized to the basal end
of vascular cells (Gälweiler et al., 1998), as noted for PIN1-GFP
used as a control (Feraru et al., 2011) (Figure 5E). Together,
these data show that knockdown or knockout of the Arabidopsis
ERG28 leads to PAT inhibition via a mechanism that did not
probably perturb the subcellular localization of PIN1, unlike to
previous Arabidopsis sterol smt1/cph/orc mutants (Willemsen
et al., 2003).

Loss of ERG28 Function Leads to the Accumulation of
4-Carboxy-4-Methyl-24-Methylenecycloartanol,
a Cryptic SBI

To further explore the role of ERG28, we analyzed the sterol
composition of wild-type and erg28 plants using ultra-
performance liquid chromatography–tandem mass spectrome-
try (UPLC-MS/MS) with atmospheric pressure photon ionization
(APPI). Consistent with previous studies (Canabate-Díaz et al.,
2007; Lu et al., 2007; Rhourri-Frih et al., 2009; Shui et al., 2011),
underivatized sterol molecules were not detected as quasi-
molecular ion (M+H), but as [M+H-H2O], which was used as
a precursor ion. We found that the regular sterol composition,
including sitosterol, stigmasterol, and campesterol, of erg28
plants relative to the wild type was not significantly different (see
Supplemental Figure 12 online). In a similar vein, the level of
common sterol intermediates did not show a significant change
between wild-type and erg28 plants (see Supplemental Figures
13 and 14 online). Thus, it seems unlikely that PAT inhibition in
erg28 plants results from altered regular sterol composition or
a block in the sterol pathway. This prompted in-depth analysis of
the fraction that was likely to contain polar sterol derivatives
using UPLC-MS/MS with APPI. We detected in the polar sterol
fraction obtained from erg28 plants an intense precursor ion
mass-to-charge ratio (m/z) 453 [M+H-H2O] (Figure 6A) that
gave in the multiple reaction monitoring (MRM; molecular
ion → fragment ion) mode used to identify specific fragments
the following precursor-product (m/z) transition [(453 > 109),
(453 > 123), (453 > 149), (453 > 191), (453 > 205), and (453 >
369)] (see Supplemental Figures 15 to 18 online). These frag-
ments matched exactly the fragmentation spectrum of an au-
thentic 4-carboxy-4-methyl-24-methylenecycloartanol (CMMC),
also known as 1-dehydroxy-23-deoxojessic acid (Figure 6A).
Under our experimental conditions, we could not detect CMMC
in wild-type and complemented plants. This could be due to the
fact that CMMC is efficiently channeled in the SC4DM multi-
enzyme complex. Taken together, these data demonstrate that
knocking down or knocking out Arabidopsis ERG28 did not in-
terrupt the sterol pathway as shown in yeast (Gachotte et al.,
2001) (see Supplemental Methods 1 and Supplemental Table 2
online) but promotes the accumulation of CMMC (Figure 6B),
a cryptic C4-methyl SBI of the Arabidopsis SC4DM multienzyme
complex tethered by ERG28 (Bouvier et al., 2005) (Figures 1A
and 1B; see Supplemental Figure 1 online).
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CMMC Inhibits PAT and Competes with the PAT
Inhibitor NPA

Collectively, the data described above indicate that alteration of
the regular sterol composition affecting brassinosteroid syn-
thesis, membrane integrity, or plasma membrane mislocalization
of PIN1 could not explain the inhibition of PAT in erg28 plants.
Since our results demonstrate that the accumulation of CMMC

in Arabidopsis is correlated with the development PAT-related
phenotypes, we wondered whether CMMC acts as a PAT in-
hibitor. This prompted us to test CMMC and a synthetic analog
cholestanoic acid for their ability to directly inhibit PAT using
tritium-labeled IAA. We found that PAT was inhibited by CMMC
and to a lesser extent by cholestanoic acid (Figure 7A). Consistent
with PAT inhibition, exogenous application of CMMC (15 mM)
to wild-type plants promoted PAT-deficient phenotypes, in-
cluding the formation of epinastic incurvation and inhibition
of primary root growth (Figure 7B). Notably, the expression in
DR5:GUS lines (Ulmasov et al., 1997) was deregulated following
exogenous treatment with CMMC relative to the control (Figure
7C). Taken together, these data demonstrate that knocking
down or knocking out Arabidopsis ERG28 induces the accu-
mulation of CMMC, which in addition to its known SBI role acts
as a PAT inhibitor.
The mechanism by which CMMC inhibits PAT is unknown.

Because NPA inhibits ABCB auxin efflux transporters (Kim et al.,
2010) and indirectly PIN auxin efflux carriers due to ABCB–PIN
interactions (Blakeslee et al., 2007), effective PAT inhibitors
would potentially interact with high-affinity binding sites for NPA
in microsomal membranes (Noh et al., 2001). To investigate this,
we assessed whether CMMC competes with high-affinity NPA
binding sites on cell membranes by incubating wild-type mi-
crosomal membranes with tritium-labeled NPA in the presence
and absence of CMMC. We found that 20 nM CMMC reduced
high-affinity binding of NPA on wild-type microsomal membranes
by;40% (see Supplemental Methods 1 and Supplemental Figure
19A online). ABCB1 and ABCB19 represent specific NPA binding
proteins (Noh et al., 2001). Because in silico docking analyses
demonstrate that NPA interacts with the nucleotide binding do-
mains 1 and 2 (NBD1 and NBD2) of ABCB auxin efflux trans-
porters (Kim et al., 2010), we examined in silico whether CMMC
could bind to the same sites. From several candidate template
structures (Schmitt et al., 2003; Zaitseva et al., 2005; Mares-Sá-
mano et al., 2009), we selected the ABC transporter HlyB (Zait-
seva et al., 2005) because it was solved as a dimeric structure
with bound ATP, which represents an essential cofactor of ABC
transporters. We found that the binding site of CMMC was
predicted to be similar to that of NPA in ABCB1 and ABCB19
auxin efflux transporters (see Supplemental Methods 1 and
Supplemental Figures 19B to 19I online). The predicted docking
energies (EB) corresponding to the positions occupied by
CMMC in the NBD1 or NBD2 of ABCB1 and ABCB19 are very
similar (see Supplemental Methods 1 and Supplemental Table 3
online). Although NPA and CMMC are structurally different,
we noted a slight variation in the predicted docking energy of
DEB = 0.2 to 0.7.

DISCUSSION

In living organisms, basic growth requirement of regular sterol
end products for membrane integrity is usually associated either
with the presence of the 3b-hydroxy group and the lack of C4-
and C14-methyl groups or with their conversion into brassi-
nosteroids in plants. However, beyond their biosynthetic role,
SBIs have emerged as a reservoir of signaling molecules

Figure 6. Impaired PAT Phenotypes of erg28 Plants Correlate with
CMMC Accumulation.

(A) UPLC-MS/MS single ion recording (SIR) chromatogram at m/z 453
shows the presence of CMMC (arrowhead) in lipid extracts of 35-d-old
erg28R1-1, erg28T1-2, and erg28R1-6 but not in 35-d-old wild-type (WT)
plants and shows the authentic CMMC standard (arrow, inset: chemical
structure). Detailed analysis using MRM mode, product ion spectra, and
the fragmentation pathways are shown in Supplemental Figures 10 to 13
online. RI, relative intensity.
(B) Quantification of CMMC in erg28R1 and erg28T1 plants (error bars
are SD; n = 3).
[See online article for color version of this figure.]
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involved in innate immunity (Blanc et al., 2011; Panicker et al.,
2012), inflammation responses (Blanc et al., 2011; Panicker
et al., 2012; Spann et al., 2012), meiosis stimulation, and cell
proliferation (Byskov et al., 1995; He et al., 2011) in mammals.
SBIs are also involved in oxygen sensing in fungi (Espenshade
and Hughes, 2007) but as yet have no equivalent role in plants.
In addition, there is the long-standing question of whether sterol
signals other than brassinosteroids exist in plants.

Previous studies have shown that loss-of-function mutations
affecting genes encoding the enzymes that catalyze the individual
postsqualene biosynthetic steps up to 24-methylenelophenol
and 24-ethylenelophenol (see Supplemental Figure 1 online) in-
duce pleiotropic postembryo defects leading to seedling lethal
phenotypes that are not rescued by either downstream regular
sterols or sterol-derived brassinosteroids. These mutants include
sterol methyl transferase1/orc/cephalopod, hydra1, fackel/hydra2,
cotyledon vascular pattern1, cyclopropylsterol isomerase1-1,
and cyp51A2 (Diener et al., 2000; Jang et al., 2000; Schrick
et al., 2000, 2002; Carland et al., 2002, 2010; Souter et al., 2002;
Willemsen et al., 2003; Kim et al., 2005; Men et al., 2008). In
these mutants, the endocytic trafficking of auxin transporters,
such as PIN1, is perturbed due to the drastic alteration of the
sterol profile caused by deficient enzyme activities or in-
terruption of the pathway (Boutté and Grebe, 2009). The finding
that the loss-of-function of Arabidopsis ERG28, which is impli-
cated in key postsqualene steps (up to episterol and D7-ave-
nasterol) (see Supplemental Figure 1 online), results in plants
that are largely viable and fertile except for those belonging to
classes 1 and 6 (Figures 3 and 4; see Supplemental Figure 5
online) implies that Arabidopsis erg28 plants are different from
previously known plant sterol mutants.
Notably, the loss of function of ERG28 induces unpre-

cedented accumulation of CMMC in Arabidopsis. This occurs
without interrupting the sterol pathway, in good agreement with
the fact that ERG28 has no enzyme activity per se (Figure 8). In
the yeast erg28 mutant, sterol biosynthesis is disrupted at the
level of SC4DM and results in the depletion of ergosterol, the
end product of the pathway (Gachotte et al., 2001) (see
Supplemental Methods 1 and Supplemental Table 2 online). This
suggests that key differences exist between the topological
organization of yeast, mammalian, and plant sterol biosynthetic
enzymes in the endoplasmic reticulum. This is supported by the
observation that, in yeast and mammals, the SC4DM enzyme
complex operates via two rounds of consecutive C4-demethylation
reactions (C4 and C4), whereas in plants, the two C4 demethylation
reactions are interrupted by two additional steps that are not
catalyzed by the SC4DM enzyme complex [C14 demethylation
and C14 reduction, yielding 4-a-methylergosta-8,14,24(28)-
trienol and 4-a-methylfecosterol] (see Supplemental Figure 1
online) (Bard et al., 1996; Gaylor, 2002; Bouvier et al., 2005).
The accumulation of CMMC in erg28 plants was associated

with multiple developmental changes diagnostic of altered
PAT. We further demonstrate that CMMC acts as a PAT in-
hibitor in addition to its role as an intermediate of sterol bio-
synthesis (Bouvier et al., 2005). The in silico docking studies
tentatively suggested that CMMC may target ABC trans-
porters involved in auxin efflux. Under normal conditions,
CMMC is strictly channeled within the SC4DM complex
tethered by ERG28 to produce the bulk membrane sterols and
brassinosteroids. Due to the loss of function of ERG28 in
erg28 plants, a portion of CMMC released from the SC4DM
complex would be free to inhibit PAT (Figure 8). In this context,
parallels can be drawn between the SC4DM complex and the
flavonoid multienzyme complex. Once deregulated, both
pathways liberate biosynthetic precursors that lead to PAT
inhibition (Peer and Murphy, 2007). The array of developmental

Figure 7. CMMC and the Synthetic Cholestanoic Analog Inhibit PAT.

(A) Inflorescence stems from 35-d-old wild-type plants were used to
analyze IAA basipetal transport as described in Figure 5A, using tritium-
labeled IAA alone (control) and in the presence of 15 mM CMMC, syn-
thetic cholestanoic acid (CA), or NPA (error bars are SD; n = 3).
(B) CMMC induces altered PAT phenotypes. Wild-type (WT) plants were
grown on MS agar for 7 d before transfer to MS agar containing DMSO
(control) or the same medium supplemented with 15 mM CMMC for 20 d.
Bars = 0.5 cm.
(C) CMMC modulates the expression pattern of DR5:GUS auxin reporter
gene. DR5:GUS plants were grown for 7 d on Murashige and Skoog agar
before transfer to Murashige and Skoog agar alone (DR5:GUS) or Mur-
ashige and Skoog agar supplemented with 15 mM CMMC (DR5:GUS +
CMMC) and grown for 20 d before GUS detection. Bars = 0.25 cm.
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phenotypes displayed by erg28 plants was probably related to
the fact that CMMC is nonhomogeneously released. Further
experiments are required to determine the spatial distribution of
CMMC in plant tissues and organs and under different physio-
logical conditions. Due to the phenotypic pleiotropy displayed
by erg28 plants, one may predict that controlled release of
CMMC from the SC4DM complex could offer a perspective to
modulate plant development.

The regulatory role of SBI is further supported by the finding
that one of the atypical sterols accumulating in the Arabidopsis
sterol biosynthesis mutant fackel can upregulate mRNA levels of
several genes regulating cell expansion and proliferation (He
et al., 2003). Importantly, CMMC belongs to the C4-methyl
sterol series, known to be weak membrane modifiers (Bittman,
1997) and implicated in additional regulatory processes beyond
sterol biosynthesis in nonplant phyla (Byskov et al., 1995;
Hughes et al., 2007; Hannich et al., 2009; He et al., 2011;
Lim et al., 2012). Recent data from studies of the mammalian
SC4DM genes demonstrate that downregulation of SMO and
CSD, but not of SKR and ERG28, leads to the accumulation of
C4-methyl sterols that alter the endocytic trafficking of the epi-
dermal growth factor receptor and accelerate its degradation in
the lysosomes of cancer cells (Sukhanova et al., 2013). This
trend was supported by coexpression and protein–protein analy-
ses using the STRING database (http://string-db.org/), suggesting

that yeast and mammalian SMO and CSD interact with protein
components involved in vesicular trafficking (Sukhanova et al.,
2013). Interestingly, this phenomenon could be related to the
propensity of CSD to translocate to plasma membranes (Xue
et al., 2013) and lysosomes (Parent et al., 2009) in cancer cells.
Similarly, CSD and SKR associate to lipid droplets in yeast (Mo
et al., 2003; Natter et al., 2005), like CSD in mammals (Caldas
and Herman, 2003; Ohashi et al., 2003). The nonsterol bio-
synthetic role of the SC4DM complex protein components is
supported by the observation that, even in sterol auxotrophs
such as Drosophila melanogaster and Caenorhabditis elegans,
an SMO ortholog whose function is unknown is coexpressed
with genes involved in protein trafficking and folding (Vinci et al.,
2008).
In plants, the connection between the SC4DM complex pro-

tein components and the trafficking machinery has not been
demonstrated. In silico analysis using available resources
(Tohge and Fernie, 2012), including the STRING database, re-
veals that in plants, neither available coexpression databases
nor interactome databases could provide a clue or establish
causality between SC4DM complex protein components and
the protein trafficking machinery. This illustrates again the key
differences between the SC4DM complex organization in yeast
and mammals one side and plants on the other side. Never-
theless, it is interesting to note that apart from its metabolic
function, the SC4DM enzyme complex tethered by ERG28 has
potential to be recruited as a reservoir of signaling molecules or
serves additional roles. Thus, as observed in several sterol or
triterpene mutants, we do not exclude the possibility that CMMC
may have multiple targets. The multitarget effect could implicate
transcription factors, such as PHABULOSA, PHAVOLUTA,
REVOLUTA, and ATHB8, which possess a putative lipid/sterol
binding domain (Schrick et al., 2004a). An additional mechanism
by which the ERG28 loss of function induces PAT inhibition
phenotypes could be through the interaction between ethylene,
auxin signaling, and sterols. In this scenario, it is interesting to
note that the sterol mutants hydra1 and fackel/hydra2 display
enhanced ethylene signaling and deregulated auxin response
(Souter et al., 2002, 2004; Pullen et al., 2010). The root pheno-
type of these mutants is partially restored to the wild type by
inhibitors of ethylene and auxin signaling or in etr1, ein2, axrr, or
axr mutant backgrounds (Souter et al., 2002, 2004). Although
plausible, this mechanism must be tempered by the fact that
PAT inhibitors do not apparently impair the effect of ethylene on
root growth (Růzicka et al., 2007).
In conclusion, our study revealed an additional level of in-

teraction between sterols and auxin and broadens to plants the
signaling functions of SBIs that already have been documented
in different nonplant phyla (Janowski et al., 1996; Castrillo et al.,
2003; Bensinger et al., 2008; Blanc et al., 2011; He et al., 2011;
Lim et al., 2012; Panicker et al., 2012; Spann et al., 2012). By
controlling the release and accumulation of CMMC and proba-
bly structurally related SBIs, ERG28 not only facilitates substrate
channeling in the SC4DM enzyme complex as shown in yeast
and mammals but also exerts an essential role during plant
development by restricting the disruption of PAT, which
stringently regulates several stages of plant growth and
development.

Figure 8. Substrate Channeling and PAT Safeguarding Roles of ERG28.

Due to its tethering role, ERG28 restricts the release of SBIs (red aster-
isks), including CMMC, from the SC4DM multienzyme complex in
wild-type plants. Loss of ERG28 function leads to uncontrolled and
nonhomogeneous release of CMMC from the SC4DM complex. This
alters PAT without depleting and interrupting the downstream steps
leading to synthesis of bulk membrane sterols and brassinosteroids.
[See online article for color version of this figure.]
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METHODS

Chemicals

IAA (20 Ci/mmol) was obtained from Hartmann Analytic and non-
radioactive NPA from Sigma-Aldrich. Commercial CMMC standard
known as 1-dehydroxy-23-deoxojessic acid was obtained from Quality
Phytochemicals.

Plant Materials and Growth Conditions

Arabidopsis thaliana (ecotype Columbia) andNicotiana benthamianawere
used as wild-type plants. Arabidopsis plants were grown on solidified
(0.8% [w/v] agar) Murashige and Skoog medium containing 3% Suc or
grown on soil under greenhouse conditions at 23°C using a 16-h day-
length. For inhibitor treatments, the appropriate concentrations were
solubilized into DMSO, and control plants were treated with the same
volume of DMSO.

Arabidopsis erg28 RNAi and T-DNA Lines

erg28RNAi lines (erg28R1-1 to erg28R1-6 and erg28R2-1 to erg28R2-6)
were generated using a short inverted repeat (hairpin) as described (Jadid
et al., 2011) and oligonucleotide primers listed in Supplemental Table 4
online. A 174-bp fragment of Arabidopsis ERG28 cDNA (At1g10030)
containing BamHI-EcoRI and BglII-EcoRI sites was amplified, digested by
EcoRI, self-ligated, and digested with BamHI and BglII. The resulting 331-
bp fragment was cloned in the BamHI-BglII sites of the ImpactVector 1.1
(Jadid et al., 2011) for plant transformation according to the floral dip
procedure. Insertion mutant lines SALK_025834 and SALK_000240 were
characterized as erg28T1-1 to erg28T1-6 and erg28T2-1 to erg28T2-6
based on segregation analysis, genomic PCR, RT-PCR, and immunological
analysis with anti-Arabidopsis ERG28 antibody. Arabidopsis erg28T-DNA
knockout plants were complemented by ERG28 cDNA cloned in the XbaI
site of the pCAMBIA-1300 vector (Jadid et al., 2011).

Production of Recombinant Proteins and Antibodies

PCR-amplified cDNAs encoding the full-length Arabidopsis ERG28 and
SMO1 or truncated CSD (134 to 322) and SKR (98 to 229) were inserted
into the pBAD/Thio-TOPOvector (Invitrogen) before expression inEscherichia
coli TOP10. Recombinant proteins were purified according to the man-
ufacturer’s manual. The polyclonal anti-Arabidopsis ERG28 antibody was
raised in rabbits.

Affinity Interactions between ERG28 and SC4DM Enzymes

ERG28 and SC4DM enzymes interactions were analyzed using GFP-
tagged proteins transiently coexpressed in N. benthamiana leaves ac-
cording to a described procedure (Mialoundama et al., 2009; Jadid et al.,
2011). Constructs encoding Arabidopsis SMO1-GFP, CSD-GFP, SKR-
GFP, and ERG28-GFP in the pCATs vector were amplified by PCR using
the oligonucleotide primers (see Supplemental Table 4 online) and in-
serted into the pKYLX71-35S2 vector (Mialoundama et al., 2009; Jadid
et al., 2011). N. benthamiana transfected leaves were collected 72 h after
infection, freeze- dried, and homogenized with the extraction buffer
(50 mM Tris-HCl, pH 7.6, containing 2 mM phenylmethylsulfonyl fluoride,
0. 2% Triton X-100, and 3% digitonin) using 1 g of leaves per 2 mL of
extraction buffer. After centrifugation at 100,000g for 1 h, the supernatant
(1 mL) was treated with protein A-sepharose (GE Healthcare) to eliminate
nonspecific binding and then incubated with 150 mL of anti-Arabidopsis
ERG28-sepharose prepared as described previously (Schneider et al.,
1982). The sepharose beads were washed with 50 mM Tris-HCl, pH 7.6,

containing 0.1 M KCl, 2 mM phenylmethylsulfonyl fluoride, and 0.3%
digitonin before elution with bound 0.1 MGly, pH 2.5, and immunoblotting
using anti-Arabidopsis ERG28 or anti-GFP. The pull-down assay was
performed as described previously (Jadid et al., 2011) using biotinylated
recombinant Arabidopsis ERG28 attached to streptavidin agarose, to pull
down recombinant Arabidopsis SMO1 (1 to 298), CSD (134 to 322), and
SKR (98 to 229) expressed in E. coli. Biotinylated ribulose-1,5-bis-
phosphate carboxylase/oxygenase (Rubisco) was used as a negative
control.

Immunocytochemical localization of PIN

Arabidopsis PIN1 was immunolocalized from the roots of 10-d-old
seedlings using an antibody-based fluorescence imaging (Müller et al.,
1998). Goat anti-Arabidopsis PIN1 (Anti-At_PIN1) (Santa Cruz Bio-
technology) and donkey anti-goat IgG-fluorescein isothiocyanate (Santa
Cruz Biotechnology) were used as primary and secondary antibodies at
dilutions of 1:100 and 1:200 dilution, respectively. Images were obtained
using a Zeiss LSM510 confocal laser scanning microscope.

DR5:GUS Auxin Reporter Analysis

DR5:GUS (Ulmasov et al., 1997) was introduced into the erg28 back-
ground by crossing the DR5:GUS lines with the erg28T1-2 knockout
plants. GUS activity was monitored as described previously (Jefferson
et al., 1987) using 20- to 35-d-old plants derived from five independent
experiments.

qRT-PCR Analysis

Total RNAwas extracted from the different plant lines using the NucleoSpin
RNA kit (Macherey-Nagel) according to the manufacturer’s instructions.
Two micrograms of total RNA was reverse transcribed in a total volume of
40 mL with 2.5 mMoligo(dT)20, 0.5 mM deoxynucleotide triphosphate, and
400 units of Superscript III reverse transcriptase (Invitrogen). Real-time
PCRwas performed in a total reaction volume of 10mL containing specific
primers (2.5 µM each), which were designed using the Probe Finder
software (Roche) and are listed in Supplemental Table 4 online, 1 mL of
cDNA, and 4 mL of Green I Master Mix (Roche) in a Light Cycler 480 II
apparatus (Roche) according to the manufacturer’s instructions. Results
were obtained from three independent biological samples (three analytical
replicates each). The cycle threshold (Ct) was used to determine the
relative expression level using the 22DDCt method (Livak and Schmittgen,
2001). The relative expression levels were determined by normalizing the
PCR threshold cycle number of each gene with that of TIP41-LIKE and
GAPDH genes using GenEx Pro software (MultiD Analyses; www.gene-
quantification.de/datan.html).

UPLC-MS/MS Analysis of Sterols and Derived Molecules

Total lipids were extracted from freeze-dried plant tissue using
dichloromethane/methanol (2/1, v/v). This was followed by UPLC-MS/MS
analysis on a Waters Quattro Premier XE equipped with an APPI source
and coupled to an Acquity UPLC system (Waters) with a diode array
detector. Chromatographic separation was achieved using an Acquity
UPLC BEH C18 column (1003 2.1 mm, 1.7 mm; Waters) operated at 46°C
with a flow rate of 0.3 mL min21 using a gradient of two solvents, A (25%
water in methanol and 0.01% formic acid) and B (99.99% isopropanol and
0.01% formic acid) (A for 2 min, increased to 55%B in 25min, 55%B hold
for 4 min, then increased to 100% B in 8 min, hold for 3 min). The pa-
rameters for mass spectrometry and tandem mass spectrometry de-
tection and APPI ionization were as indicated (nebulizer gas flow, 50 L$h2;
desolvation gas flow, 500 L$h21; APPI probe temperature, 450°C; source
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temperature, 120°C; capillary voltage, 1.5 kV; cone voltage, 25 V; positive
ionization mode; low- and high-mass resolution, 15 for both mass ana-
lyzers; ion energies 1 and 2 were 0.2 and 1 V; entrance and exit potential
were 30 V; and detector [multiplier] gain was 650 V). Mass spectra of
sterol-derived fragments were acquired with a scan m/z range of 350 to
1000 atomic mass units. Data acquisition and analysis were performed
with the MassLynx MS software (version 5.1).

Auxin Transport

PATwas determined using inflorescence stem segments (Okada et al., 1991;
Brown et al., 2001; Lewis andMuday, 2009) placed in the normal (acropetal)
or inverted orientation (basipetal transport) in 5 mM MES buffer, pH 5.5,
containing 1% Suc and 1.25 mM [3H]IAA in the presence and absence of
15 mMCMMC, cholestanoic acid, or NPA used as PAT inhibitors. Following
incubation for 10 h at 20°C, the radioactivity of the nonsubmerged portion of
the stem was determined by liquid scintillation counting.

Quantification of Free Auxin (IAA)

Freeze-dried, powdered plant tissues were extracted with cold acetone,
dried under argon, and resuspended in methanol before UPLC-MS/MS
analysis using an electrospray ionization source (Acquity UPLC HSS C18

column; 1003 2.1 mm, 1.8 µm; Waters) operated at 33°C with a flow rate
of 0.38 mL$min21 and a gradient of two solvents: A (99.9% water and
0.1% formic acid) and B (99.9%methanol and 0.1% formic acid) (5% B in
A for 2 min, increased to 100% B in 10 min, hold for 10 min). The capillary
voltage was 3 kV, and the ionization mode was positive. The selected ion
recording mass spectrometry mode was used to determine the parent
mass transition of IAA (m/z 176). IAA was quantified using standard IAA at
different concentrations andMRMwith the following transition, 176 > 130,
and mass calibration.

Chemical Synthesis of Cholestanoic Acid

The synthetic procedure was adapted from previous works (Czarny et al.,
1975; Nelson et al., 1975; Schmidt et al., 2006) using 4-cholesten-3-one
as a precursor. More detailed information is available upon request.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL data libraries under the following accession
numbers: At_ERG28 (Arabidopsis; At1g10030), SMO1 (At4g12110),
CSD (At1g47290), SKR (At5g18210), Os_ERG28 (rice [Oryza sativa];
NP_001067350), Hs_ERG28 (Homo sapiens; NP_009107), Sc_ERG28
(Saccharomyces cerevisiae; NP_010962), Sp_ERG28 (Schizosaccharo-
myces pombe, O74820), RTNLB2 (At4g11220), TIP41-LIKE (At4g34270),
GAPDH (At1g3440), and a-Tubulin (At1g04820). Germplasm with a
T-DNA insertion in the ERG28 gene were: erg28T1-1 to erg28T1-6
(SALK_025834) and erg28T2-1 to erg28T2-6 (SALK_000240).
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The following materials are available in the online version of this article.

Supplemental Figure 1. Sterol Biosynthetic Pathway Showing the
Cryptic Steps (Solid-Lined Box) Leading to the Formation of Reactive
SBIs from the SC4DM Multienzyme Complex.

Supplemental Figure 2. Multiple Sequence Alignment of Arabidopsis
ERG28 with Homologous Proteins between Different Species.

Supplemental Figure 3. ER Localization of the Arabidopsis SC4DM
Complex Components.

Supplemental Figure 4. Characterization of Arabidopsis erg28RNAi
(erg28R2-1 to erg28R2-6) and erg28T-DNA (erg28T2-1 to erg28T2-6)
Mutants.

Supplemental Figure 5. Phenotypes of Arabidopsis erg28RNAi
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Supplemental Figure 7. Effect of Phytohormones on Arabidopsis
erg28 Development.
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Supplemental Table 1. In-Gel Digestion and NanoLC-MS/MS of
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Supplemental Table 2. Rescue of Yeast erg28 Null Mutant by
Arabidopsis ERG28.

Supplemental Table 3. Binding Free Energy Prediction of CMMC
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