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Mitochondrial adrenodoxins (ADXs) are small iron–sulfur proteins
with electron transfer properties. In animals, ADXs transfer elec-
trons between an adrenodoxin reductase (ADXR) and mitochon-
drial P450s, which is crucial for steroidogenesis. Here we show
that a plant mitochondrial steroidogenic pathway, dependent on
an ADXR–ADX–P450 shuttle, is essential for female gametogenesis
and early embryogenesis through a maternal effect. The steroid
profile of maternal and gametophytic tissues of wild-type (WT)
and adxr ovules revealed that homocastasterone is the main ste-
roid present in WT gametophytes and that its levels are reduced in
the mutant ovules. The application of exogenous homocastaster-
one partially rescued adxr and P450 mutant phenotypes, indicat-
ing that gametophytic homocastasterone biosynthesis is affected
in the mutants and that a deficiency of this hormone causes the
phenotypic alterations observed. These findings also suggest not
only a remarkable similarity between steroid biosynthetic path-
ways in plants and animals but also a common function during
sexual reproduction.

plant reproduction j gametophyte j homocastasterone j embryogenesis j
P450

M itochondrial ferredoxins, also known as adrenodoxins
(ADXs), are small iron–sulfur proteins encoded by

nuclear genes that are ubiquitously found in plants, animals, and
bacteria. They belong to the large family of [2Fe-2S]–type ferre-
doxins and have electron transfer properties. In animals, ADXs
function as mobile shuttles that transfer electrons between an
adrenodoxin reductase (ADXR) and mitochondrial P450s (1–4).
The reduction of the mitochondrial cytochrome P450 catalyzed
by ADXR is a crucial step that leads to steroidogenesis (3). The
name “adrenodoxin” is in fact related to the tissue from which
ADX was first isolated: the adrenal glands. In adrenal mitochon-
dria, ADX transfers electrons from the NADPH-dependent fer-
redoxin reductase ADXR to the P450 CYP11A1 and the
enzymes of the CYP11B family. CYP11A1, also known as
P450scc, catalyzes three consecutive hydroxylation steps that
result in cholesterol side-chain cleavage producing pregneno-
lone, which is the precursor of all mammalian steroid hormones,
including glucocorticoids, mineralocorticoids, and sex steroids
(3). The system is also functional in invertebrates. In Drosophila
melanogaster, ADXR is encoded by the nuclear gene dare, and it
also plays an essential role in ecdysteroid biosynthesis. Ecdyste-
roids are steroid hormones that function both in male and
female arthropods that are stored in oocytes for use during
embryogenesis (4). Null mutants of dare undergo developmental
arrest that is rescued by feeding mutant larvae with the insect
steroid hormone 20-hydroxyecdysone (4). In addition, reduction

of dare expression affects olfactory-driven behavior, and causes
degeneration of adult neurons.

Although two genes encoding for ADX (ADX1 and ADX2)
and one gene encoding for an ADXR (ADXR) are present in the
Arabidopsis thaliana genome (5), very little is known about the
potential roles for these proteins in plants. Recombinant ADX1
and ADXR proteins are sufficient to transfer electrons from
NADPH to cytochrome c in vitro (5) and ADXR exhibits kinetics
properties and electron source preferences that are similar to
those reported for mammalian proteins (6). The only role attrib-
uted to the plant ADX–ADXR system so far is the synthesis of
biotin. In association with BIO2, an iron–sulfur (Fe-S) cluster
enzyme, ADXR and ADX1 form an efficient plant biotin syn-
thase complex in vitro (6). However, no functional/physiological
studies have been performed for these proteins in planta and
there are no in vivo data about possible reduction partners. One
possibility is that the ADX–ADXR system reduces a cytochrome
P450 in plant mitochondria, as reported in animal systems. How-
ever, even when A. thaliana cytochrome P450 proteins are
encoded by a divergent superfamily of genes that includes 244
genes and 28 pseudogenes, no mitochondrial P450s were found
or at least reported so far.
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Mitochondrial adrenodoxins (ADXs) are small iron–sulfur
proteins that function as mobile shuttles transferring elec-
trons. Their function has been largely known in animals, as
they transfer electrons between an adrenodoxin reductase
(ADXR) and mitochondrial P450s, which is a crucial step that
leads to steroidogenesis. Here we show that a functional
mitochondrial ADX–ADXR–P450 pathway is essential for ste-
roid biosynthesis and that its function is required for plant
sexual reproduction.
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Here we show that a functional mitochondrial ADX–ADXR–
P450 pathway is essential for homocastasterone biosynthesis and
that its function is required for plant sexual reproduction. The
study of adxr mutants and double mutants for ADX1 and ADX2
revealed that this electron shuttle is critical for female gameto-
phyte development and for early embryogenesis through a
maternal effect. Three mitochondrial cytochrome P450 proteins
were identified as ADX1 interactors and triple-mutant plants
mimic adx and adxr mutant phenotypes, suggesting overlapping
physiological roles. The study of the steroid profile of maternal
and gametophytic tissues of wild-type (WT) and adxr ovules
revealed that homocastasterone is mostly found in gametophytes
and that its levels are reduced in mutant ovules. Moreover,
application of exogenous homocastasterone partially rescued the
phenotypes of ADXR and cytochrome P450 mutants. Alto-
gether, our results indicate that the mitochondrial shuttle
ADX–ADXR–P450 is essential for Arabidopsis reproduction
and required for homocastasterone biosynthesis in the female
gametophyte.

Results
ADXs and ADXR Are Essential for Normal Female Gametophyte
Development and Early Embryogenesis in A. thaliana. To analyze
possible roles for the ADX–ADXR shuttle in A. thaliana, two
independent insertional lines (Columbia [Col-0] ecotype) with
T-DNA insertions located at exon 4 (adxr-1) and intron 4 (adxr-
2) were characterized (SI Appendix, Fig. S1). After backcrossing
these lines to the Col-0 ecotype, the progeny from self-crossed
plants was examined by PCR-based genotyping. No homozy-
gous mutant plants were recovered in the offspring from either
adxr-1/ADXR or adxr-2/ADXR self-pollinated plants. The ratio
of hemizygous to WT plants was 1.05 for adxr-1/ADXR (n =
449) and 1.23 for adxr-2/ADXR plants (n = 247). Such ratios, as
previously reported, suggest failure to transmit the mutation to
the next generation through either the male or female gameto-
phyte (7). As no homozygous adxr plants were recovered, only
hemizygous mutant plants were analyzed. No obvious sporo-
phytic defects were observed in the hemizygous plants (SI
Appendix, Fig. S1). However, siliques of adxr/ADXR plants
showed a reduction in seed set of about 35% (Fig. 1 A and B),
suggesting that the gene is essential for gametogenesis and/or
seed development. To study the genetic basis of the defect in
the seed set observed, we crossed hemizygous plants as either
pollen or pistil donors to WT plants from the Columbia acces-
sion, and the transmission efficiency (TE; no. of progeny with
T-DNA insertion/WT offspring × 100) of adxr was calculated
(SI Appendix, Table S1). Only ∼19% of megagametophytes car-
rying adxr-1 and around 30% of megagametophytes carrying
adxr-2 successfully transmitted the insertion to the next genera-
tion, showing that the mutation affects female gametophyte
development or function. TE through the pollen was ∼88.% for
adxr-1 and 83% for adxr-2, suggesting that male gametophytes
are not severely affected by the mutation (SI Appendix,
Table S1).

To analyze how this mutation alters female gametophytes,
the terminal phenotype of female gametophytes from emascu-
lated adxr/ADXR flowers was studied (Fig. 1 C–F and SI
Appendix, Fig. S2 and Table S2). In WT Arabidopsis, the female
gametophyte is a seven-cell structure that includes two gametic
cells (the egg cell and the central cell) and five accessory cells:
three antipodal cells of unknown function at the chalazal end
of the female gametophyte and two synergid cells that flank the
egg cell at the micropylar end. Together, the egg cell and the
two synergid cells (responsible for pollen tube attraction) form
the egg apparatus (7). While WT pistils only showed 2%
of abnormal female gametophytes, adxr/ADXR pistils showed
that around 13% of the ovules were carrying anomalous

gametophytes (n = 720 for adxr-1/ADXR and n = 801 for adxr-
2/ADXR; SI Appendix, Table S2). Mutant adxr-1 gametophytes
showed developmental delay, with female gametophytes dis-
playing unfused polar nuclei (8.2%). Additionally, 4.3% of all
female gametophytes observed showed an aberrant egg appara-
tus, with mispositioned synergid nuclei (Fig. 1). A small frac-
tion of female gametophytes were found collapsed but in a
proportion similar to the one observed for WT pistils (less than
1%). Similar phenotypes and distribution were observed when
adxr-2/ADXR pistils were analyzed (SI Appendix, Fig. S2). In
addition, we studied WT pollen tube attraction in adxr/ADXR
pistils by aniline blue staining. When WT pistils were analyzed,
90.7 ± 3.06% of the ovules analyzed showed a pollen tube
reaching the micropyle (n = 10 pistils, 231 ovules quantified).
The percentage was 83.7 ± 4.72% for ovules in adxr-1/ADXR
pistils (n = 5 pistils, 92 ovules quantified, P = 0.0006, t test) and
86.2 ± 3.77% in adxr-2/ADXR pistils (n = 5 pistils, 126 ovules
quantified, P = 0.0032, t test). As the percentage of ovules tar-
geted by pollen tubes was slightly but significantly different
from WT in the mutants, these results indicate that a small
fraction of the ovules carrying defective gametophytes were not
attracting pollen tubes and therefore could not be fertilized (SI
Appendix, Fig. S3).

As the fraction of abnormal female gametophytes observed
before pollination could not explain the high ratio of aborted
seeds detected in mature siliques, the phenotype of ovules in
adxr/ADXR pistils was studied after fertilization. Self-pollinated
pistils of 7 to 8 mm, corresponding to 72 h after pollination (72
HAP), were analyzed. While 93.3% of the embryos analyzed in
WT pistils were found at a preglobular to globular stage, adxr/
ADXR pistils showed that only 60% of the embryos analyzed
were able to reach that stage (59.7% for adxr-1/ADXR and
61.4% for adxr-2/ADXR; SI Appendix, Table S3). Embryogenesis
was found arrested in 20 to 24% of the ovules analyzed, where
development stopped at the zygote or one/two-celled proem-
bryo (Fig. 1 G–R and SI Appendix, Table S3). In addition, 18.2
and 7.7% of the ovules were found collapsed in adxr-1/ADXR
and adxr-2/ADXR, respectively. Notably, 7% of the embryos
found arrested in adxr-2/ADXR pistils showed abnormal planes
of cell division in the embryo proper (Fig. 1 H and N and SI
Appendix, Table S3). To study if such arrest in embryogenesis
was due to a gametophytic maternal effect, we crossed both
adxr/ADXR allelic mutants as females using WT plants as pol-
len donors. The resulting progeny was studied by scoring the
number of ovules showing defects in embryogenesis 72 HAP. In
both cases, the percentage of ovules showing abnormal embryos
found was around 35% (SI Appendix, Table S3), indicating that
the arrest in embryogenesis observed arises from the female
gametophyte, as it is not rescued by WT pollen. Conversely, we
crossed WT plants as females, using both adxr/ADXR allelic
mutants as pollen donors. In this case, the percentage of ovules
showing abnormal embryogenesis found 72 HAP was around
6%, a value comparable to the one found in hand pollination
controls (WT x WT crosses; SI Appendix, Table S3). This result
indicates that the arrest in embryogenesis observed originates
from a defect in the female gametophyte. As the ratio obtained
was similar to what is expected from WTcrosses, the result also
suggests that the slight decrease in TE observed from the male
side in reciprocal crosses might be due to a defect in pollen
development or pollen tube growth. However, we were not able
to find obvious developmental defects when pollen grains were
analyzed (SI Appendix, Fig. S3). This suggests that the decrease
in TE observed might arise from defects in the fertilization
process.

ADXs are essential for ADXR activity, as they function as
mobile shuttles that transfer electrons between ADXR and a
redox partner. In Arabidopsis, there are two genes encoding
for ADX (AtADX1 and AtADX2) that show high homology
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Fig. 1. ADXR and ADX1/2 are essential for normal female gametophyte development and embryogenesis in A. thaliana. (A) Boxplot showing the rate of seeds
aborted in WT and mutant plants. Asterisks indicate statistically significant differences from WT, as determined by Welch’s two-sample t test (P < 0.01). (B) Ster-
eomicrographs of siliques (arrowheads) at 10 d post fertilization from WT and mutant plants. (C) Image of a properly developed female gametophyte found in
adxr-1/ADXR pistils 48 h after emasculation. (D) Female gametophyte showing unfused polar nuclei (upn). (E) Female gametophyte showing abnormal polarity
in one of the synergid cells (Asyn). (F) Female gametophyte showing both an abnormal synergid and unfused polar nuclei. (G–R) Ovules were dissected 72 HAP.
(G–L) Ovules from adxr-1/ADXR pistils. (M–R) Ovules from adxr-2/ADXR pistils. (G) Ovule from an adxr-1/ADXR pistil showing an embryo at the preglobular
stage. (H) Embryo at the preglobular stage showing asymmetric divisions in the embryo proper (Inset, arrowheads). (I) Embryogenesis is arrested at the four-
cell stage. (J) Embryo showing an aberrant short suspensor (s). Endosperm is developed normally. (K) Embryogenesis is arrested at the one-cell stage. (L) Fertil-
ized ovule showing embryogenesis arrested at the zygote stage (z). (M) Ovule from an adxr-2/ADXR pistil showing an embryo at the preglobular stage. (N)
Embryo at the preglobular stage showing asymmetric divisions in the embryo proper (Inset, arrowheads). (O) Ovule showing embryogenesis arrested at the
four-cell stage. (P) Embryo showing an aberrant short suspensor. (Q) Fertilized ovule showing embryogenesis arrested at the zygote stage and normal endo-
sperm development. (R) Fertilized ovule showing embryogenesis arrested at the zygote stage and no endosperm development. (S) Seed abortion rate in WT,
adx1, adx2, and double-mutant plants. Asterisks indicate statistically significant differences from WT, as determined by Welch’s two-sample t test (P < 0.01).
(T–Z) Ovules from adx1,adx2/ADX2 pistils were analyzed 48 h after emasculation (T–W) or 48 h after pollination (X–Z). (T) Ovule showing a normal female
gametophyte at stage FG7. (U) Female gametophyte showing unfused polar nuclei. (V) Female gametophyte showing abnormal polarity in one of the synergid
cells. (W) Female gametophyte showing both an abnormal synergid and unfused polar nuclei. (X) Ovule from an adx1,adx2/ADX2 pistil showing an embryo at
the preglobular stage. (Y) Embryo showing an aberrant short suspensor. (Z) Fertilized ovule showing embryogenesis arrested at the one-cell stage. Ccn, central
cell nucleus; Ecn, egg cell nucleus; Ep, embryo proper; syn, synergid cell. (Scale bars, 50 μm.) See also SI Appendix, Figs. S1–S4 and Tables S1–S3.
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(SI Appendix, Fig. S4A). To determine whether similar defects
to the ones observed in adxr/ADXR mutants could be observed
in plants impaired in ADX function, single insertional knock-
out mutants for each gene were examined (SI Appendix, Fig. S4
B–E). All mutants analyzed show siliques with full seed sets,
and no obvious defects in vegetative or reproductive tissues
were observed (SI Appendix, Fig. S4 C and D). The absence of
phenotypes in adx1 and adx2 mutants together with their high
sequence similarity suggests that ADX1 and ADX2 might be
functionally redundant. To study this possibility, we crossed sin-
gle adx mutants and analyzed the phenotype of plants carrying
adx1,adx2/ADX2 and adx1/ADX1,adx2 mutant allele combina-
tions, as we were not able to detect double-homozygous plants
in the F2 progeny (n = 254 plants genotyped). The rate of ovule
abortion observed was 16.9% in siliques from adx1/ADX1 adx2/
ADX2 plants, 43.3% in adx1,adx2/ADX2 siliques, and 39.9% in
adx1/ADX1,adx2 siliques (Fig. 1S). As shown by adxr/ADXR
plants, this phenotype could not be rescued by pollination with
WT pollen, suggesting a maternal effect (SI Appendix, Table
S4). In addition, female gametophytes and embryos showed
defects that were similar to the ones observed in adxr/ADXR
plants (Fig. 1 T–Z).

ADXR Is Expressed in Gametophytic and Young Sporophytic Tissues.
To study the temporal and spatial expression pattern of ADXR
during different stages of the plant life cycle, we analyzed trans-
genic plants carrying an ADXR promoter–GUS reporter gene
fusion (pADXR-GUS). The sequence used as the ADXR puta-
tive promoter was the complete intergenic region located
upstream of the ADXR ATG codon (640 bp). GUS expression
was detected in regions of active cell division in the young seed-
lings in the hypocotyl, cotyledons, and leaf primordia (Fig. 2
A–D). In mature leaves as well as in sepals, expression was
weaker and mainly confined to vascular tissues. High expres-
sion was also detected in the filaments of mature flowers (Fig.
2E). GUS expression was also detected in mature pollen grains
(Fig. 2F) and mature female gametophytes, associated with the
egg apparatus and central cell (Fig. 2G). After fertilization,
GUS activity was detected in the zygote and until the one-cell
embryo stage (Fig. 2 H and I). GUS activity was not detected at
later stages of embryogenesis (Fig. 2J). To further know the
basis of the maternal effect observed, we crossed WT plants
with homozygous pADXR-GUS plants and studied GUS stain-
ing after fertilization. As can be observed in SI Appendix, Fig.
S5, while GUS staining was detected from the maternally inher-
ited allele in the zygote, no signal was detected when GUS
staining was assayed to look for expression of the paternally
inherited allele. This result suggests that the paternal ADXR
allele is probably not expressed in the embryo or endosperm, at
least before the globular stage.

To analyze ADXR localization in the female gametophyte,
the fusion protein ADXR-GFP (green fluorescent protein) was
followed in transgenic WT plants carrying the construct pADX-
R:ADXR-GFP. This construct was proven to be fully functional
as it was able to complement the phenotype observed in adxr-1/
ADXR plants (SI Appendix, Table S5). In ovules, ADXR-GFP
was detected both in the integuments of the ovule, in the nucel-
lus, and inside the female gametophyte, mostly in the egg cell
and the central cell, associated with mitochondria (Fig. 2 K
and L).

ADXR–ADX Shuttle Dysfunction Does Not Affect Reactive Oxygen
Species Levels or Mitochondrial Functional Status. One possible
consequence of a failure in electron transport is reactive oxygen
species (ROS) accumulation, which might well result in devel-
opmental arrest as previously described (8). To explore that
possibility, ROS levels were analyzed using the ROS-sensitive
probe H2DCFDA and quantifying the fluorescence found

inside the female gametophytes of pistils from WT, adxr/ADXR,
and adx1,adx2/ADX plants. No significant differences were
found (SI Appendix, Fig. S6A), indicating that ROS production/
accumulation was not altered in the mutant female gameto-
phytes. In addition, we assessed whether ADXR–ADX shuttle
dysfunction might affect mitochondrial membrane potential/
health by using the membrane potential (Δψm) indicator JC-1.
While in functional mitochondria with high Δψm, JC-1 sponta-
neously forms red fluorescent complexes, it remains as a green
monomer in unhealthy mitochondria (8). As can be observed in
SI Appendix, Fig. S6B, gametophytic mitochondria from each of
the pistils analyzed showed similar distributions of red to green
values, suggesting that mitochondrial Δψm was not affected by
the mutations examined.

ADX1 Interacts with Mitochondrial Cytochrome P450s. As no ROS
accumulation nor mitochondrial dysfunction was found in
ADXR and ADX mutant gametophytes, we decided to identify
putative redox partners of the ADXR–ADX shuttle by means
of a high-throughput yeast two-hybrid screening using ADX1
as a bait (Hibrigenics Services). Among the putative interacting
proteins identified, there were clones with a predicted or a
reported localization that was associated either with the plasma
membrane or with different organelles such as plastids, chloro-
plasts, or mitochondria (SI Appendix, Table S6). As one of the
clones identified corresponded to the P450 cytochrome
CYP711A1, we decided to investigate if ADX1 can indeed
interact with a cytochrome P450 as occurs in animal systems.
Thus, we first analyzed if CYP711A1 can be found in mitochon-
dria by analyzing the localization of a CYP711A1-GFP fusion
protein using a transient expression system in Nicotiana ben-
thamiana and the mitochondrial selective dye MitoTracker red
(Invitrogen). As can be observed in Fig. 3A, CYP711A1-GFP
colocalizes with MitoTracker red, indicating its mitochondrial
localization. In addition, to confirm ADX1–CYP711A1 interac-
tion, we performed a bimolecular fluorescence complementa-
tion (BiFC) assay using transient expression in N. benthamiana.
We fused CYP711A1 and ADX1 to N- and C-terminal yellow
fluorescent protein (YFP) fragments to generate CYP711A1-
nYFP and ADX1-cYFP fusion constructs under control of the
UBQ10 promoter. After Agrobacterium infiltration of N. ben-
thamiana leaves, YFP signal was strongly detected, indicating
ADX1–CYP711A1 interaction (Fig. 3B).

The analysis of two allelic insertional mutant lines with a
T-DNA insertion in CYP711A1 [lines CS9564 and CS717630
(9)], however, showed that homozygous cyp711a1 plants did
not show any gametophytic defect, only a slight increase in lat-
eral branching as already reported (10) (SI Appendix, Fig. S8
A–D). This suggests that other P450 cytochromes might func-
tion redundantly with CYP711A1 in Arabidopsis mitochondria,
thus replacing the CYP711A1 role in loss-of-function mutants.

The Arabidopsis genome encodes for 244 P450 genes and 28
pseudogenes (11). However, apart from CYP711A1 shown
here (Fig. 3A), there are no reports so far that locate any of the
other 243 Arabidopsis cytochrome P450s in mitochondria. To
identify putative mitochondrial P450 cytochromes, we applied
10 different bioinformatics approaches based on sequence char-
acteristics (presence of an N-terminal mitochondrial targeting
sequence and other features that direct proteins to mitochon-
dria). The programs used were TargetP, Mitoprot2, SubLoc,
iPSORT, Predotar, MitoPred, PeroxP, MultiLoc, WoLFPSORT,
and LOCtree. We were able to identify eight candidates that
showed different putative localizations according to the soft-
ware applied (SI Appendix, Table S7). We selected the first four
candidates shown in SI Appendix, Table S7 to evaluate if they
were indeed localized in mitochondria. We designed C-terminal
translational fusion constructs for each protein with GFP under
the control of the CaMV 35S promoter and subcellular
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Fig. 2. ADXR is expressed in gametophytic and young sporophytic tissues. (A–J) Histochemical localization of GUS activity in transgenic Arabidopsis plants
harboring the pADXR-GUS construct. (A) GUS expression observed in a 21-d-old seedling showing expression in hydathodes (hy), vascular tissue, vegeta-
tive meristem, and young leaves. (B) Expression in a trichome. (C) GUS expression is observed in guard cells. (D) GUS expression is shown in a young
inflorescence. (E) Open flower at stage 12 showing GUS staining in sepals, petals, and pistil. (F) Anther showing GUS-stained pollen grains. (G) Female
gametophyte showing GUS expression associated with the egg cell (Ec) and central cell (Cc). (H) Fertilized female gametophyte showing GUS staining in
the zygote and in the developing endosperm. Arrowheads point to endosperm nuclei. (I) GUS staining is still detectable at the one-cell embryo stage,
both in the embryo proper (Ep) and in the developing endosperm. (J) GUS staining is no longer detectable at the two-cell embryo stage. (K) ADXR-GFP is
detected inside the female gametophyte, mostly associated with the egg cell and the central cell. FM4-64 staining was used to underline the cells compos-
ing the female gametophyte. The pictures shown correspond to the same single confocal slice. Egg apparatus cells are outlined. Controls of autofluores-
cence display a representative picture of an ovule from a plant that does not carry the GFP fusion construct. Both channels are shown. (L) Representative
confocal images showing a female gametophyte expressing ADXR-GFP stained with MitoTracker red. The pictures shown correspond to the same single
confocal slice. (M) Boxplots showing the results of the colocalization analyses of ADXR-GFP and MitoTracker red performed by using the correlation test
(PSC) plug-in for ImageJ after background subtraction. As an example, the ROI used is delimited in L. Scale bars are 50 μm in F–J and 25 μm in K–L. See
also SI Appendix, Figs. S5 and S7.
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localization was studied using a transient expression system in
N. benthamiana and MitoTracker red. Three of the four candi-
dates analyzed were found to colocalize with MitoTracker red.
CYP90A1 (CPD), CYP90D1, and CYP75B1 (TT7) localize in
mitochondria while CYP89A2 does not (Fig. 4A). To test
whether these cytochromes found in mitochondria are able to
interact in vivo with ADX1, we performed a BiFC assay, as
described for CYP711A1. After Agrobacterium infiltration of N.
benthamiana leaves, a strong YFP signal was detected for
CYP90A1 and CYP75B1, while control N. benthamiana leaves
and leaves infiltrated with constructs to detect ADX1 interac-
tion with CYP90D1 did not show BiFC signal (Fig. 4B).

Altogether, these results indicate that ADX1 can interact
in vivo with at least three mitochondrial P450s: CYP711A1,
CYP90A1, and CYP75B1. To further investigate if these
interactions can potentially take place in the female gameto-
phyte, we investigated the expression patterns of CYP711A1,
CYP90A1, and CYP75B1 by constructing their promoter
reporter lines, CYP711A1::GFP, CYP90A1::GFP, and CYP7
5B1::GFP, respectively. As can be observed in SI Appendix,
Fig. S7, the three genes are expressed in the sporophytic tissues of
the ovule and in the female gametophyte. Additionally, we were

able to study ADX1, CYP711A1, and CYP90A1 protein local-
ization inside the female gametophyte using translational
fusions with GFP and the mitochondrial probe MitoTracker
red (Invitrogen). The three proteins were found inside the
female gametophyte and associated with mitochondria (SI
Appendix, Fig. S7). Thus, both the expression patterns
observed and the localization of the proteins studied strongly
indicate that the interactions detected can occur inside the
female gametophyte.

Functional Characterization of Mitochondrial P450s Interacting with
ADX1. As we did for CYP711A1, single-knockout mutants for
each of the genes encoding for CYP75B1 and hemizygous
plants for CYP90A1 [as homozygous plants are not fertile (12)]
were studied to analyze if they showed a defect similar to the
ones described for adx or adxr mutants. However, seed sets
were normal for CYP90A1 mutants and only slightly lower than
WT for CYP75B1 mutants, suggesting functional redundancy
(SI Appendix, Fig. S8). To study if that was the case, we con-
structed double mutants crossing each of the mutant lines avail-
able, obtaining three combinations of double-hemizygous
mutants in F1 (cyp711a1/CYP711A1 cyp90a1/CYP90A1; cyp711A1/

Fig. 3. CYP711A1 localizes to mitochondria and interacts with ADX1. (A) Representative confocal images showing N. benthamiana epidermal cells tran-
siently expressing CYP711A1-GFP and stained with MitoTracker red. (B) Boxplots showing the results of the colocalization analyses of CYP711A1-GFP and
MitoTracker red performed by using the correlation test (PSC) plug-in for ImageJ after background subtraction. Quantification was performed in at least
four ROIs per photo. Three photos were taken per assay. (C) BiFC assay: representative microphotographs showing reconstituted YFP fluorescence or DIC
images of N. benthamiana epidermal cells transformed with plasmids harboring the indicated constructs (CYP711A1-nYFP, ADX1-cYFP, or both). (Scale
bars, 50 μm.) (D) Boxplots showing YFP fluorescence intensity values obtained in the BiFC assays. Quantification was performed in at least four ROIs per
photo. Three photos were taken per assay. The BiFC assays were independently repeated at least three times. A.U., arbitrary units.
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CYP711A1 cyp75b1/CYP75B1; and CYP90A1/cyp90a1 cyp75b1/
CYP75B1). When siliques from selfed double-hemizygous plants
were analyzed, only slight differences were found between WT
plants and single or double mutants (Table 1 and SI Appendix,
Fig. S8 A–P). Triple-mutant plants cyp711a1 cyp90a1/CYP90A1
cyp75b1 were obtained, as cyp90a1 homozygous mutants are
unfertile and extremely affected. As can be observed in Table 1,
triple mutants showed 33.51% ovule abortion, a percentage signif-
icantly higher than the one observed in double mutants and close
to the maximum of 50% expected if the three mutated alleles pre-
sent in a female gametophyte were causing a defect with 100%
penetrance. To check if the same phenotypes observed in adxr/
ADXR and adx mutant plants were also present in these triple
mutants, we analyzed unfertilized and fertilized ovules (SI
Appendix, Fig. S8 Q–V). When ovules were studied 48 h after
emasculation, 58.33% of the female gametophytes were found at
FG7 stage (mature normal female gametophyte), 25% were
observed with unfused polar nuclei, 5.55% presented abnormal
egg apparatuses, and 11.11% were found collapsed (n = 36). At
72 HAP with WT pollen, embryogenesis showed significant
abnormalities. While 62.68% of the ovules presented an embryo
at early globular stage, 9.52% of the fertilized ovules were found
arrested at the zygote stage, 0.79% were found at a two/four-cell
stage with an abnormal short suspensor, and 13.48% presented
abnormal planes of cell division (SI Appendix, Table S8).

Additionally, we studied WT pollen tube attraction in WTand
triple-mutant plants cyp711a1 cyp90a1/CYP90A1 cyp75b1 by ani-
line blue staining (SI Appendix, Table S9). Although most cyp
triple-mutant ovules are able to attract pollen tubes, there is a
slight but significant difference when compared with WT ovules
(88 ± 5.77 vs. 94.7 ± 6.06%, P = 0.0399, t test). However, 35.43
± 9.16% of targeted ovules looked smaller/arrested in compari-
son with ovules in the same pistil (SI Appendix, Table S9), sug-
gesting that even when most ovules are able to attract pollen
tubes, seed development is arrested in the triple mutant, as pre-
viously shown by differential interference contrast (DIC) micros-
copy and silique analyses. Altogether, these results suggest that
ADXR, ADX, and the P450 cytochromes studied were involved
in the same physiological/developmental pathway during female
gametophyte development/function and early embryogenesis.

Steroid Profile of Arabidopsis Ovules in WT and adxr/ADXR Mutant
Plants. Since ADX1 was found to interact with mitochondrial
P450 cytochromes, we decided to address if the ADX–ADXR
shuttle was involved in steroid biosynthesis, as described in ani-
mal systems. As a first approach, we harvested pistils at stage
14 (13) from

WT and adxr/ADXR mutant plants and attempted to detect
brassinosteroids (BRs) in pistil extracts using an enzyme-linked
immunosorbent assay. However, we were not able to detect ste-
roids in these extracts by this method, suggesting that steroids,
if present, might occur at very low concentrations. As steroids
present in ovules might be diluted if we used pistil extracts, we
decided to directly collect Arabidopsis ovules to identify and
measure, if possible, the BRs present.

Because SPOROCYTLESS (SPL) is required for megasporo-
genesis initiation, spl ovules lack a female gametophyte (14).
Thus, by comparing WT and spl ovules, it would be possible to
differentiate steroids present in the sporophytic maternal tis-
sues and the ones that are specific to the female gametophyte.
To perform this experiment, we harvested ovules from pistils at
stage 14 (13) using custom-designed equipment that suctions
and immediately freezes the ovules inside a collecting tube
(Materials and Methods). Around 40 to 90 mg of ovules was
extracted from plants of the indicated genotypes and BRs were
analyzed using ultra-high-performance liquid chromatography–
tandem mass spectrometry (UHPLC–MS/MS). As the spl
mutant is in the Landsberg erecta (Ler) background, WT plants

of the corresponding ecotype were used to compare the steroid
content. While BRs like brassinolide, 24-epibrassinolide, 24-epi-
castasterone, and 28-norcastasterone were not detected, castas-
terone and principally homocastasterone were found in ovules
from both WT and spl plants. Homocastasterone content in spl
ovules was lower than the levels found in WT ovules (Table 2).
This result indicates that homocastasterone contribution in WT
ovules was mainly from the female gametophyte. Specifically,
the contribution of homocastasterone from the female gameto-
phyte seems to be around 75%, while the sporophytic tissues of
the ovule account for the remaining 25% (Table 2). To study if
homocastasterone levels in the female gametophyte are depen-
dent on ADXR, we measured the steroid content in ovules from
adxr-1/ADXR and WT plants (ecotype Col-0, adxr-1/ADXR back-
ground). In this case, we expect only half of the ovules collected
from adxr-1/ADXR plants to have ADXR activity in their female
gametophytes, while the other half would not, assuming that the
mutation is fully penetrant. The contribution of homocastaster-
one from the sporophytic tissues should be maintained. The
value obtained (0.42 ± 0.09 pmol per gram fresh weight [gFW])
is similar to the expected value if ADXR is required for homo-
castasterone biosynthesis, assuming full penetrance of the muta-
tion in a mix of 50:50 of adxr and ADXR female gametophytes
(0.455 ± 0.085 pmol/gFW; P = 0.7914, t test; Table 2). These
results suggest that ADXR activity is required for homocastas-
terone biosynthesis in the female gametophyte.

Exogenous Homocastasterone Treatment Partially Rescues the
Phenotype of ADXR and Cytochrome P450 Mutants. To investigate
whether the gametophytic phenotypes observed were due to
low levels of BRs, pistils from WT and adxr/ADXR and
cyp711a1,cyp90a1/CYP90A1,cyp75b1 mutant flowers were
treated every 24 h with homocastasterone, homobrassinolide,
24-epibrassinolide, or a mock solution from stage 9 to stage 14,
allowing self-pollination. When mature siliques were scored for
abortions, a significant reduction in the rate of ovule abortion
was observed in siliques from mutant flowers treated with
homocastasterone in comparison with mock-treated plants
(Fig. 5). No significant differences were observed when pistils
were treated with homobrassinolide or 24-epibrassinolide.
Although the rescue obtained after homocastasterone treat-
ment was partial, this is likely a reflection of an inefficient
uptake of the hormone by the female gametophytes. While
BRs were administered to the pistils, they are required inside
the female gametophytes, which are enclosed by the maternal
tissues of the ovule.

Collectively, our results suggest that homocastasterone might
be the bioactive BR required for normal development and
function of the female gametophyte in A. thaliana and that the
ADX–ADXR–P450 shuttle is involved in its biosynthetic path-
way inside the gametophytic mitochondria.

Discussion
Our results show that the ADX–ADXR shuttle is essential for
normal development and function of the female gametophyte
in A. thaliana. The only role attributed so far to ADXs and
ADXR is related to biotin biosynthesis. In association with
BIO2, ADX and ADXR constituted a reduction system that
allowed the formation of an in vitro plant biotin synthase com-
plex (6). However, mutants deficient in biotin are impaired dur-
ing late embryogenesis [globular to early cotyledon stages (15,
16)] while mutants impaired in ADXR or ADX show pheno-
types related to female gametophyte development and function,
indicating that these proteins might be also involved in other
pathways that are required earlier during development. This is
actually not surprising, as ferredoxin reductase–ferredoxin elec-
tron transfer systems are considered to be functionally promiscuous
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Fig. 4. Mitochondrial cytochrome P450s CYP90A1 and CYP75B1 interact with ADX1. (A) Representative images showing N. benthamiana epidermal cells
stained with MitoTracker red transiently expressing the indicated P450-GFP fusions. Boxplots show the results of the colocalization analyses of CYP-GFP fusion
proteins and MitoTracker red performed by using the correlation test (PSC) plug-in for ImageJ after background subtraction. Quantification was performed in
at least four ROIs per photo. Three photos were taken per assay. (B) BiFC analysis of ADX1 interaction with candidate mitochondrial cytochrome P450s. ADX1
and the P450 candidates were fused to the C- and N-terminal YFP fragments to generate ADX1-cYFP and P450-nYFP fusion constructs. The figure shows repre-
sentative microphotographs displaying reconstituted YFP fluorescence in N. benthamiana epidermal cells transformed with plasmids harboring the P450-nYFP
constructs alone or together with the ADX1-cYFP construct. Boxplots show YFP fluorescence intensity values obtained in the BiFC assays. Quantification was
performed in at least four ROIs per photo. Three photos were taken per assay. The BiFC assays were independently repeated at least three times. (Scale bars,
40 μm.)

8 of 12 j PNAS Bellido et al.
https://doi.org/10.1073/pnas.2000482119 A mitochondrial ADXR–ADX–P450 electron transport chain is essential for

maternal gametophytic control of embryogenesis in Arabidopsis

D
ow

nl
oa

de
d 

at
 N

at
io

na
l A

ca
de

m
y 

of
 S

ci
en

ce
s 

on
 J

an
ua

ry
 2

0,
 2

02
2 



and might serve as an electron shuttle for a variety of substrates
(17, 18). Among the phenotypes observed for the mutants studied,
the presence of unfused polar nuclei is noticeable. Remarkably, a
great number of mutants impaired in mitochondrial proteins show
this defect, suggesting that mitochondrial functions are essential for
nucleus fusion; that is the case for NFD1 (19), the mitochondrial
cysteinyl–transfer RNA synthetase SYCO ARATH (20), a mito-
chondrial chaperone, ortholog of yeast MDJ1 (21), and an
Mn-dependent mitochondrial superoxide dismutase (8, 22). How-
ever, the majority of adxr and adx mutant female gametophytes
show a gametophytic maternal effect. While gametophytes can be
fertilized, embryogenesis is arrested very early and the phenotype
cannot be rescued by pollination with WT pollen. As WT pollen is
not able to rescue the embryogenesis arrest observed and ADXR is
expressed only from the maternal side, our results suggest that an
ADXR-dependent signal from the female gametophyte is essential
to sustain early embryogenesis.

In animals, ADX–ADXR activity is related to steroidogene-
sis, transferring electrons from NADPH to a mitochondrial
cytochrome (commonly referred to as P450scc) that catalyzes
the cleavage of cholesterol to pregnenolone (23, 24). However,
as no mitochondrial P450s were described so far in plants, ste-
roidogenic activity has never been related to mitochondria. In
this work, we demonstrated the presence of four Arabidopsis
cytochrome P450s in mitochondria (CYP711A1 or MAX1,
CYP90A1 or CPD, CYP90D1, and CYP75B1 or TT7). Three
of them were shown to interact with ADX1 in vivo
(CYP711A1, CYP90A1, and CYP75B1), suggesting that the
mitochondrial ADXR–ADX–P450 shuttle might be functional
in Arabidopsis. Triple mutants impaired in CYP711A1,
CYP90A1, and CYP75B1 showed characteristics of adxr and
adx mutants, with female gametophytes displaying unfused
polar nuclei and arrested embryogenesis. Altogether, these
results indicate that CYP711A1, CYP90A1, or CYP75B1 might
be able to function as redox partners for the ADX–ADXR

electron shuttle and that they are involved in the same develop-
mental process.

When steroid content was measured in ovules, homocastas-
terone was the most abundant steroid found (Table 2). Signifi-
cantly, spl ovules (which lack a female gametophyte) contain
considerably lower levels of homocastasterone than WT, indi-
cating that homocastasterone is predominantly located in the
female gametophyte (Table 2). As the homocastasterone levels
found in ovules from ADXR/adxr plants were lower than those
found in WT ovules, our results suggest that ADXR activity is
required for homocastasterone biosynthesis. To further test this
hypothesis, we conducted an experiment to determine if differ-
ent steroids were able to rescue the phenotype observed in
mutants for ADXR and the mitochondrial P450 found to inter-
act with ADX1. While 24-epibrassinolide and homobrassinolide
were not able to rescue the mutant phenotype, the exogenous
application of homocastasterone partially rescued the seed set
of the mutant siliques, indicating that ADXR and the studied
cytochrome P450s might be involved in homocastasterone bio-
synthesis and that the phenotype observed was due to a defi-
ciency in this hormone. In addition, this experiment indicates
that homocastasterone, specifically, is the BR required for nor-
mal megagametogenesis and early embryogenesis.

Taking into account all these results, we postulate a model in
which homocastasterone biosynthesis takes place in the female
gametophyte mitochondria, in a pathway that involves an
ADXR–ADX–P450 electron shuttle as occurs in animal sys-
tems, and whose activity is essential for female megagameto-
phyte development and function (Fig. 6). In this model, a
sterol, which can be campesterol or sitosterol, as they are com-
mon precursors for BR biosynthesis (25), might be imported
into the inner mitochondrial membrane via PBR, a peripheral-
type benzodiazepine receptor that was shown to regulate sterol
transport from the outer to the inner mitochondrial membrane
in Arabidopsis (23). Inside mitochondria, electrons are trans-
ferred from NADPH via ADX–ADXR to one of the P450s that
are able to interact with ADX1 and that were found to be
required for a functional megagametophyte (CYP711A1,
CYP90A1, or CYP75B1). We propose that this electron trans-
fer is essential at least for homocastasterone biosynthesis in the
female gametophyte. Although homocastasterone can function
as a precursor for castasterone and BR biosynthesis (26),
homocastasterone is itself a bioactive molecule. It is able to
interact with the BRI1 receptor and thus to be involved in
BR-mediated signaling (27). At nanomolar concentrations, BRs
are able to promote cell division and elongation and to act syn-
ergically with auxins and gibberellins (28–32). In addition, BRs
modulate the orientation and stability of microtubules affecting
cell-division planes and cell shape (33, 34). These activities can
explain the phenotypes observed in the mutants studied. Not
only is embryogenesis arrested in these mutants but abnormal
planes of cell division were also found in a fraction of the
mutant embryos. Homocastasterone in particular has been

Table 1. Quantification of abortions observed in simple and
multiple mutants for genes encoding mitochondrial P450s that
interact with ADX1

Genotype N (pistils analyzed)
% ovule
abortion*

WT 25 0.99a

cyp711a1 25 1.38a

cyp90a1/CYP90A1 25 1.41a

cyp75b1 30 2.08ab

cyp711a1/CYP711A1cyp90a1/CYP90A1 25 1.12a

cyp711a1/CYP711A1cyp75b1/CYP75B1 25 3.02b

cyp90a1/CYP90A1cyp75b1/CYP75B1 25 3.44b

cyp711a1cyp90a1/CYP90A1cyp75b1 15 33.51c

*Different letters indicate significant differences (P < 0.05) shown by the
Kruskal–Wallis test with Dunn’s post hoc test. Multiple testing was
corrected by using the Bonferroni method.

Table 2. Brassinosteroid levels in ovules extracted from the indicated genotypes, pmol/gFW

Genotype Castasterone, mean ± SEM Homocastasterone, mean ± SEM

WT Ler <LOD 1.22 ± 0.12
Spl <LOD 0.32 ± 0.06*
WT Col 0.96 ± 0.13 0.74 ± 0.19
adxr/ADXR 0.73 ± 0.12 0.42 ± 0.09†

Numbers represent the mean of three replicates. For each experiment, 40 to 90 mg of ovules was harvested from plants of the
indicated genotypes and BRs were analyzed using UHPLC–MS/MS. <LOD indicates concentrations below the calculated limit of
detection.
*Significantly different from WT Ler values (t test, P = 0.0204).
†Similar to the expected value (0.455 ± 0.085) if homocastasterone content in female gametophytes is dependent on ADXR activity,
assuming full penetrance of the mutation in a mix of 50:50 of adxr and ADXR female gametophytes (t test, P = 0.7914).
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reported to promote cell expansion in Arabidopsis cell cultures
(35), which is a crucial process during female gametogenesis
and is rapidly induced after fertilization. Taking into account
BR biological activities, we propose that homocastasterone bio-
synthesis through the ADXR–ADX–P450 mitochondrial shut-
tle might be required in the female gametophyte to sustain
early embryo development, mediating both cell division and
expansion and cell-division orientation. Altogether, our findings
reveal not only a remarkable similarity between steroid biosyn-
thetic pathways in plants and animals but also a common func-
tion during sexual reproduction. Although sexual reproduction

appeared in eukaryotes before the divergence of plant and ani-
mal lineages, it is too early to dissect if these common molecu-
lar pathways represent ancestral conserved sexual features or if
they are a consequence of convergent evolution.

Materials and Methods
Plant Material and Growth Conditions. All seeds used in this work were
obtained from the Arabidopsis Biological Resource Center, Ohio State Univer-
sity (9) except for those donated as specified. Plant material and growth con-
ditions are described in detail in SI Appendix,Materials andMethods.

Fig. 5. Homocastasterone treatment partially rescues adxr and P450 mutant phenotypes. Each box shows the first quartile (lower limit), median (center
line), and third quartile (upper limit) and whiskers (extending 1.5 times the interquartile range), while dots show individual data points, including out-
liers. Small squares inside individual boxes indicate the mean of each group. Asterisks represent statistical differences (P < 0.001) in comparison with the
mock treatment. *1P = 0.000212, *2P = 1.12e-09. Calculated P values were determined by Student’s t test. Each individual data point corresponds to an
analyzed pistil (each containing 40 to 50 ovules).

Fig. 6. Proposed model showing homocastasterone biosynthesis in mitochondria of female gametophyte cells. Through a sterol transporter, sterols are
imported to mitochondria, where electrons transferred from NADPH via the ADXR–ADX electron shuttle are used by a mitochondrial cytochrome
(CYP711A1, CYP90A1, or CYP75B1) to synthesize homocastasterone. The synthesis of homocastasterone through this mitochondrial pathway is essential
for normal female gametophyte development/function and early embryogenesis in A. thaliana.
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Morphological and Histological Analyses. Pistils from different floral develop-
mental stages were dissected and cleared overnight in Hoyer’s solution. For
GUS staining, developing carpels and siliques were dissected and incubated
in GUS staining buffer as already described (36). Ovules were observed on a
Zeiss Axio Imager A2 microscope using DIC optics. Images were captured on
an Axiocam HRC charge-coupled device camera (Zeiss) using the Axiovision
program (version 4.2). Mitochondrial distribution was studied by using Mito-
Tracker red (Invitrogen) and confocal microscopy. Stock solutions were pre-
pared fresh for each use at 1 mM in dimethyl sulfoxide (DMSO). The working
solution was prepared by diluting the stock in phosphate-buffered saline (pH
7.2) to a final concentration of 10 μM. To detect mitochondria in the female
gametophytes, the pistils were dissected and incubated in the working solu-
tion for 30 min on a microscopy slide at room temperature protected from
light. After incubation, pistils were observed using confocal microscopy
(Eclipse C1 Plus confocal microscope; Nikon). Images were obtained with
EZ-C1 3.80 imaging software and Ti Control. For FM 4-64 (Invitrogen) stain-
ing, pistils were dissected and incubated in a 50 μMFM4-64 solution for 45 min
on amicroscopy slide. After incubation, pistils were immediately observed using
confocal microscopy (Nikon Eclipse C1 Plus confocal microscope) using EZ-C1
3.80 imaging software and Ti Control. Laser power was set at 10.5% in all stud-
ies. The objective used was Super Fluor 40.0×/1.30/0.22 oil at a working distance
of 0.22 μm with Immersol 518F oil (Carl Zeiss). The excitation for GFP was 488
nm; the excitation for FM4-64 red fluorescent protein was 561 nm. The pinhole
was set at 33.3 μm.

Aniline Blue Staining. Details of aniline blue staining can be found in SI
Appendix,Materials andMethods.

Yeast Two-Hybrid Screen and Analysis. Yeast two-hybrid screening was per-
formed by Hybrigenics Services (http://www.hybrigenics-services.com). Details
of the yeast two-hybrid screen can be found in SI Appendix, Materials
andMethods.

Colocalization Experiments in N. benthamiana. The complementary DNA
(cDNA) of each P450 cytochrome was PCR-amplified using the primers
listed in SI Appendix, Table S10. Each cDNA was cloned into pENTR TOPO
(Gateway technology; Invitrogen) and then recombined into the destina-
tion plasmid pMDC83 (37), resulting in a p35S-P450-GFP fusion. Agrobac-
terium tumefaciens strain GV3101 carrying p35S-P450-GFP was infiltrated
together with A. tumefaciens carrying the p19 helper plasmid (which
contains a gene-silencing suppressor) into leaf epidermal cells of 5-wk-
old N. benthamiana plants; 48 to 72 h after infiltration, sections of infil-
trated leaves were incubated with 200 nM MitoTracker red (Invitrogen)
for 30 min. Finally, subcellular localization studies were performed on a
confocal microscope (Nikon Eclipse C1 Plus). Laser power was set at 5 to
10%. The objective used was Super Fluor 40.0×/1.30/0.22 oil at a working
distance of 0.22 μm with Immersol 518F oil (Carl Zeiss). The excitation was
488 nm for GFP and 561 nm for MitoTracker red. The pinhole was set at
33.3 μm. Linear (Pearson’s) and nonlinear (Spearman’s) correlation coeffi-
cients for colocalization analysis were obtained by analyzing the images
with the PSC colocalization plug-in (ImageJ). The threshold level was set
at 10. At least 10 ROIs were analyzed in each case as indicated.

Colocalization Experiments in A. thaliana Stable Lines. TheADXRprom–ADXRcDNA
construct was generated by gene synthesis (GenScript) and cloned into
pENTR/TOPO (Invitrogen) using Gateway technology. The resultant plas-
mid was then subjected to the LR clonase reaction (Invitrogen) using the
destination vector pMDC107 (37), which resulted in a translational fusion
with GFP. The CYPprom–CYPcDNA constructs (for CYP711A1 and CYP90A1)
were generated by gene synthesis (GenScript) and cloned into pENTR/
TOPO (Invitrogen) using Gateway technology. The resultant plasmids
were then subjected to the LR reaction using the destination vector
pMDC107 (37), which resulted in a translational fusion with GFP. For the
Pro35S-ADX1cDNA-GFP construct, the ADX1 open reading frame was
amplified by proofreading PCR and the amplicon obtained was cloned
into pENTR/TOPO (Invitrogen). Its sequence was verified and the resul-
tant plasmid was subjected to the LR reaction using the destination vec-
tor pMDC83 (37).

Pistils from homozygous transformed plants were dissected and incubated
for 30 min in a solution containing 10 μM MitoTracker red (Invitrogen) as
described above (Morphological and Histological Analyses) and observed
using confocal microscopy (Nikon Eclipse C1 Plus confocal microscope). Stock
solutions were prepared fresh for each use at 1 mM in DMSO. After incuba-
tion, pistils were observed using confocal microscopy (Nikon Eclipse C1 Plus
confocal microscope). Images were obtained with EZ-C1 3.80 imaging

software and Ti Control. Laser power was set at 10.5%. The objective used
was Super Fluor 40.0×/1.30/0.22 oil at a working distance of 0.22 μm with
Immersol 518F oil (Carl Zeiss). The excitation for GFP was 488 nm; the excita-
tion for MitoTracker red was 561 nm. The pinhole was set at 33.3 μm. Linear
(Pearson’s) and nonlinear (Spearman’s) correlation coefficients for colocaliza-
tion analysis were obtained by analyzing the images with the PSC colocaliza-
tion plug-in (ImageJ). The threshold level was set at 10. At least 10 Regions of
Interest (ROIs) outlining the embryo sac of each embryo sac were analyzed in
each case as indicated.

BiFC Analysis. In vivo analysis of protein interaction was performed by a BiFC
assay. The complete cDNAs corresponding to ADX1 and the P450 cytochromes
(see primers in SI Appendix, Table S10) were cloned into pENTR TOPO and
then recombined into BiFC destination plasmids pUBN-cYFP and pUBC-nYFP,
respectively (38). The binary plasmids were then introduced into A. tumefa-
ciens strain GV3101. Split nYFP- and cYFP-tagged protein pairs were coex-
pressed in N. benthamiana leaves by A. tumefaciens–mediated infiltration.
Leaves were examined 48 to 72 h post infiltration using confocal microscopy
(Nikon Eclipse C1 Plus) and EZ-C1 3.80 and ImageJ imaging software. Laser
power was set at 5 to 15%. The objective used was Super Fluor 40.0×/1.30/0.22
oil at a working distance of 0.22 μm with Immersol 518F oil (Carl Zeiss). The
excitation to detect YFP was 515 nm. The pinhole was set at 33.3 μm. Fluores-
cence intensities were measured using ImageJ imaging software. Quantifica-
tion was performed in at least four circular ROIs per photo (50 μm in diameter)
of N. benthamiana epidermal cells transformed with plasmids harboring both
constructs (CYP711A1-nYFP and ADX1-cYFP) or in cells transformed with plas-
mids carrying only one of the constructs (CYP711A1-nYFP or ADX1-cYFP) as
negative controls (shown in Figs. 3 and 4). Three photos were taken per assay.
The BiFC assay was independently repeated at least three times.

Extraction and Quantification of Endogenous BRs. Extraction and quantifica-
tion of endogenous BRs are described in SI Appendix,Materials andMethods.

Mitochondrial Membrane Potential Studies. These studies are described in
detail in SI Appendix, Materials and Methods. In addition, we published a
tutorial of this procedure in Bio-protocol (39).

Synthesis of Steroids. Synthesis of steroids is described in detail in SI
Appendix,Materials andMethods.

Rescue Experiments. Petals and sepals of flowers from stages 9 to 14 (13) were
gently opened and pistils were immersed in a working solution containing
either 24-epibrassinolide (Sigma), homobrassinolide, or homocastasterone at
1 μMor amock solution containing 1:1,000 DMSO for 5 s every 24 h until stage
14. Mature siliques were then analyzed to score the number of ovule abor-
tions present in each one.

Quantification and Statistical Analysis. For each assay, presented values are
the mean ± SD of the mean. For each experiment, n represents the number of
pistils analyzed from at least three different plants. Statistical tests performed
are detailed in each experiment (40). Numbers of repetitions and replicates
arementioned for each experiment.

Data Availability. All study data are included in the article and/or SI Appendix.
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