
Arabidopsis ETHE1 Encodes a Sulfur Dioxygenase That Is
Essential for Embryo and Endosperm Development1[C][OA]

Meghan M. Holdorf2, Heather A. Owen, Sarah Rhee Lieber3, Li Yuan, Nicole Adams,
Carole Dabney-Smith, and Christopher A. Makaroff*

Department of Chemistry/Biochemistry, Miami University, Oxford, Ohio 45056 (M.M.H., S.R.L., L.Y., N.A.,
C.D.-S., C.A.M.); and Department of Biological Sciences, University of Wisconsin, Milwaukee, Wisconsin
53211 (H.A.O.)

Mutations in human (Homo sapiens) ETHYLMALONIC ENCEPHALOPATHY PROTEIN1 (ETHE1) result in the complex
metabolic disease ethylmalonic encephalopathy, which is characterized in part by brain lesions, lactic acidemia, excretion of
ethylmalonic acid, and ultimately death. ETHE1-like genes are found in a wide range of organisms; however, the biochemical
and physiological role(s) of ETHE1 have not been examined outside the context of ethylmalonic encephalopathy. In this study
we characterized Arabidopsis (Arabidopsis thaliana) ETHE1 and determined the effect of an ETHE1 loss-of-function mutation to
investigate the role(s) of ETHE1 in plants. Arabidopsis ETHE1 is localized in the mitochondrion and exhibits sulfur dioxygenase
activity. Seeds homozygous for a DNA insertion in ETHE1 exhibit alterations in endosperm development that are accompanied
by a delay in embryo development followed by embryo arrest by early heart stage. Strong ETHE1 labeling was observed in the
peripheral and chalazal endosperm of wild-type seeds prior to cellularization. Therefore, ETHE1 appears to play an essential role
in regulating sulfide levels in seeds.

Mutations in the human (Homo sapiens) ETHYL-
MALONIC ENCEPHALOPATHY PROTEIN1 (ETHE1)
gene result in the severe infantile metabolic disease
ethylmalonic encephalopathy (EE; Tiranti et al., 2004).
Common symptoms of EE patients include chronic
diarrhea, a delay in neural development, symmetric
brain lesions, lactic acidemia, and acrocyanosis of the
extremities. Biochemical alterations associated with EE
include elevated levels of C4 and C5 plasma acylcar-
nitines, and elevated urinary excretion of high levels of
ethylmalonic acid and thiosulfate (Tiranti et al., 2004).
The disease is ultimately lethal within the first decade
of life (Burlina et al., 1991, 1994).

ETHE1 proteins are found in a wide range of orga-
nisms, including bacteria, plants, and animals. They
belong to the b-lactamase fold family of proteins and
show considerable similarity to glyoxalase II, which is
involved in the detoxification of 2-oxoaldehydes and

plays a role in abiotic stress response and survival in
plants (Singla-Pareek et al., 2003, 2006; Yadav et al.,
2005a, 2005b). A recent analysis showed that sulfur
dioxygenase activity was absent from EE patients and
Ethe12/2 mice and that increased levels of sulfur di-
oxygenase activity are present in HeLa and Escherichia
coli cells overexpressing human ETHE1, suggesting
that ETHE1 is a mitochondrial sulfur dioxygenase in-
volved in the catabolism of sulfide (Tiranti et al., 2009).

Sulfide occupies a central position in sulfur assimi-
lation in plants (Rennenburg, 1989). Sulfur typically
enters a plant as sulfate, which is reduced via a mul-
tistep process to sulfide in the chloroplast. Sulfide is
then incorporated into Cys and further metabolized to
produce thioethers, sulfoxides, and methylsulfonium
compounds (for review, see Leustek et al., 2000; Hell
and Leustek, 2005). Cys degradation generates hydro-
gen sulfide, a potent inhibitor of aerobic respiration,
which can act as a substrate for ATP production and
also has important physiological functions as a sig-
naling molecule. For example, hydrogen sulfide can
help improve drought resistance and regulate flower
senescence (Jin et al., 2011; Zhang et al., 2011). How-
ever, hydrogen sulfide is also highly toxic to cells and
therefore its levels are tightly regulated (Bouillaud
and Blachier, 2011). Hydrogen sulfide can react
spontaneously with gluthathione disulfide to produce
S-sulfanylgutathione, which is then converted to sul-
fite by sulfur dioxygenase. Most of the information
available on sulfur dioxygenases has come from
studies on the sulfur-oxidizing bacteria (Sugio et al.,
1989; Rohwerder and Sand, 2003, 2007). However, a
mitochondrial pathway that catalyzes the oxidation of
sulfide to thiosulfate and appears to involve a putative
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ETHE1 enzyme has also been characterized in rat liver
(Hildebrandt and Grieshaber, 2008). In contrast, noth-
ing is known about sulfur dioxygenases in plants.
Therefore, to gain insights into the role of ETHE1 in
plant growth and development, we analyzed the pu-
tative Arabidopsis (Arabidopsis thaliana) ETHE1 gene
and the effect of an ETHE1 knockout mutation. Similar
to the situation in humans, Arabidopsis ETHE1 is local-
ized in the mitochondrion and exhibits sulfur dioxy-
genase activity. We further found that ETHE1 is essential
for endosperm and embryo development. Seeds lacking
ETHE1 exhibit endosperm defects beginning approxi-
mately 24 h after fertilization accompanied by a delay in
embryo development and ultimately embryo arrest by
early heart stage.

RESULTS

ETHE1 Encodes a Mitochondrial Protein with Sulfur
Dioxygenase Activity

The Arabidopsis gene At1g53580 (Fig. 1A) had pre-
viously been predicted to encode a glyoxalase II iso-
zyme (GLX2-3; Maiti et al., 1997). However, after
further analysis we show here that it represents Arabi-
dopsis ETHE1. A complementary DNA (cDNA) for
At1g53580 (NM_202289) has the potential to encode a
294 amino acid protein that belongs to the b-lactamase
family of proteins. The predicted protein showed only
13% identity with the cytoplasmic glyoxalase II iso-
zyme from Arabidopsis (GLX2-2), but 54% identity
with human ETHE1, indicating that At1g53580 is like-
ly Arabidopsis ETHE1 (Fig. 1B).
A neighbor-joining tree was generated based on a

Clustal W alignment of select metallo-b-lactamase pro-
teins, including ETHE1-like and GLX2 proteins from
several organisms. Analysis of the phylogenic tree, rooted
in the common ancestor b-lactamase, demonstrates that
b-lactamases diverged through ancient duplication
events into separate ETHE1 and GLX2 lineages (Fig. 1C).
As expected, Arabidopsis ETHE1 grouped together with
human ETHE1 and predicted ETHE1 proteins from
mouse (Mus musculus), frog (Xenopus laevis), fish (Danio
rerio), rice (Oryza sativa), and bacteria. Likewise, Arabi-
dopsis GLX2 enzymes grouped with GLX2 proteins from
human, mouse, rice, mustard (Brassica juncea), and yeast
(Saccharomyces cerevisiae). In addition to conserved metal-
binding residues found in the metallo-b-lactamases,
ETHE1 proteins share a number of conserved residues,
including R163, C161, Y38, L185, and T136 (Fig. 1B) that
have been associated with EE in humans, suggesting that
they are required for catalytic activity (Tiranti et al., 2006).
Likewise, ETHE1 enzymes lack conserved GLX2
substrate-binding ligands.
To further demonstrate that At1g53580 is Arabi-

dopsis ETHE1, we examined the subcellular localiza-
tion and enzymatic activity of the protein. Transgenic
Arabidopsis cell cultures that express a FLAG-tagged
version of ETHE1 were generated and used in sub-
cellular fractionation studies. Western blots containing

total protein and protein isolated from purified mito-
chondrial and cytoplasmic fractions, were probed with
either anti-FLAG antibody or an antibody to mito-
chondrial cytochrome c oxidase (COX) as a control.
ETHE1 and COX were both found in the total protein
and mitochondrial fractions, but not the cytosolic frac-
tion (Fig. 2A). Therefore, similar to human ETHE1, the
Arabidopsis protein is localized to the mitochondrion.

We next investigated whether the Arabidopsis pro-
tein, like human ETHE1, exhibits sulfur dioxygenase
activity. Arabidopsis ETHE1 was overexpressed in E.
coli, purified, and assayed for glyoxalase II and sulfur
dioxygenase activity. Recombinant human ETHE1 was
used as a positive control. As predicted, Arabidopsis
ETHE1 showed no activity with S-lactoylglutathione,
the standard glyoxalase II substrate. In contrast, it did
exhibit sulfur-dependent dioxygenase activity at a
level similar to that of human ETHE1 (Fig. 2B). Specif-
ically, Arabidopsis ETHE1 catalyzed the glutathione-
persulfide-dependent consumption of oxygen at a rate
of 7.95 6 0.711 mmol O2 min21 mg21 compared with
4.93 6 0.989 mmol O2 min21 mg21 for human ETHE1.
Therefore, At1g53580 encodes the Arabidopsis ortholog
of human ETHE1.

ETHE1 Is Essential for Early Seed Development

An Arabidopsis line containing a transferred DNA
(T-DNA) insertion in ETHE1 was isolated and char-
acterized to gain insights into the role of ETHE1. PCR
screening of a population of T-DNA insertion mutants
resulted in the identification of a line that contains a
T-DNA insertion in exon four of ETHE1 (Fig. 1A). Seg-
regation analyses of progeny of ETHE1/ethe1 plants
failed to identify plants homozygous for the T-DNA
insertion; 312 (32%) were homozygous for the wild-
type locus and 673 (68%) were heterozygous for the
ETHE1 T-DNA insertion. The 1:2:0 segregation ratio
[c2 = 1.33 , c20.05(1) = 3.841] suggested that ETHE1 is an
essential gene and that the mutation may result in
embryo lethality.

Approximately 150 mature siliques from .50 self-
pollinated ETHE1/ethe1 plants were examined and
found to contain 24.2% (805/3,353) aborted seeds [c2 =
1.81 , c20.05(1) = 3.841], which appeared as shrunken,
shriveled masses (Fig. 3A). In contrast, approximately
4% (27/638) of the seeds in wild-type siliques ap-
peared aborted. Likewise, approximately 25% of the
seeds in immature siliques (7–8 mm in length and
longer) of ETHE1/ethe1 plants were smaller in size
than their wild-type counterparts (Fig. 3B). Scanning
electron microscopy (SEM) revealed no differences
between seeds in the siliques of ETHE1/ethe1 plants at
very early stages in seed development. However, size
differences soon became apparent with the outer in-
tegument cells in the smaller ethe1 seeds appearing
smoother and less well defined than those of wild-type
and heterozygous seeds in the same silique (Fig. 3,
C and D). The appearance of the integument on these
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seeds is similar to that of wild-type seeds during early
stages of development (Fig. 3E), suggesting that seed
coat development is delayed or arrests relatively early
in the development of ethe1 seeds.

Embryo and endosperm development was investigated
in siliques of ETHE1/ethe1 plants using laser-scanning
confocal microscopy to more specifically determine the

nature of the defect. Although differences in seed size
were already apparent in approximately 25% (129 of 560)
of the seeds, which we predict to be ethe1 seeds, no ob-
vious alterations were observed in early embryo devel-
opment (Fig. 3, F and G). The smaller ethe1 seeds did,
however, contain fewer endosperm nuclei than wild-
type seeds. These differences are most pronounced in

Figure 1. Molecular characterization of ETHE1. A, Map of the ETHE1 locus. The positions and directions of primers used in this
study are shown as arrows. The T-DNA insert is shown as an inverted triangle. B, Alignment of ETHE1 with select b-lactamase
fold proteins. Identical and similar residues are highlighted in black and gray, respectively. Residues labeled with an asterisk are
conserved in ETHE1-like enzymes. Residues labeled with an inverted triangle are mutated in EE patients. Lowercase residues
are metal-binding ligands. C, Phylogenic analysis of ETHE1. The tree was derived from the alignment of multiple b-lactamase
fold proteins with Clustal W followed by a neighbor-joining analysis conducted with MEGA version 3.1. Bootstrap values are
shown at branch points.
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the peripheral endosperm (PEN) region, which ac-
counts for the majority of the size of the seed.
Whole-mount clearing was used to further inves-

tigate embryo and endosperm development in siliques
of ETHE1/ethe1 plants. In wild-type Arabidopsis plants,
a single-celled zygote and a primary endosperm nu-
cleus are normally observed along with degenerated
and persistent synergid cells after fertilization of the
egg and central cell. Endosperm development begins
with the division of the fertilized central cell before the
first division of the zygote. Several synchronized syn-
cytial nuclear divisions, accompanied by cell growth,
result in a large multinucleate cell that is divided into
three distinct domains: the micropylar endosperm
(MCE; Fig. 4Ai) surrounding the embryo, the PEN
(Fig. 4Aii) in the central chamber, and the chalazal
endosperm (CZE; Fig. 4Aiii) opposite to the develop-
ing embryo (Brown et al., 1999; Olsen, 2004). After
the endosperm nucleus has undergone three to four
rounds of nuclear division the zygote becomes elon-
gated and divides asymmetrically, generating a
smaller apical cell and a larger basal cell. Subsequent
divisions produce an embryo composed of the embryo
proper and the suspensor, which is composed of an
enlarged basal cell and a file of six to eight additional
cells. The embryo proper undergoes successive rounds
of division forming the two-cell, quadrant (Fig. 4Ai),
octant, dermatogen (Fig. 4Di), and globular (Fig. 4Ci)
embryo. By the time the embryo has reached early
globular stage, the endosperm, which consists of
roughly 100 to 200 free nuclei, begins to cellularize,
beginning first with the MCE and progressing through
the PEN and CZE (Brown et al., 1999; Nguyen et al.,
2000). Continued development of the embryo results in
the early heart (Fig. 4Ei), heart, torpedo (Fig. 4Gi), and
mature embryo, respectively. Cellularization of the

endosperm is complete by the time the embryo reaches
late heart stage. The endosperm is then gradually de-
pleted as the embryo continues to develop.

No obvious alterations were observed early in
embryo and endosperm development, including at
the zygote and early quadrant stages of development
(Fig. 4, A and B). However, clear differences in the
endosperm and subtle differences in the embryo
were apparent, beginning at approximately octant/
dermatogen stage (Fig. 4, C and D). Wild-type seeds at
the eight-cell octant stage contain approximately 100
free endosperm nuclei in the PEN. In contrast, few

Figure 2. Arabidopsis ETHE1 is localized to the mitochondrion and
exhibits sulfur dioxygenase activity. A, The subcellular localization of
ETHE1-FLAG proteins in transgenic Arabidopsis cell cultures was de-
termined through western-blot analysis using COX as a mitochondrial
fraction control. B, Oxygraphic traces of oxygen consumption of pu-
rified human and Arabidopsis ETHE1. Arrow denotes the time of sulfur
or buffer (control) addition.

Figure 3. Inactivation of ETHE1 disrupts seed development. A, Mature
siliques of wild-type, ETHE1/ethe1, and ethe1 complementation plants
observed by light microscopy. Aborted seeds are indicated by arrows.
Size bar = 1.5 mm. B, ETHE1/ethe1 developing siliques observed by
light microscopy. Ethe12/2 seeds are indicated with an asterisk. C to E,
SEM of developing seeds in ETHE1/ethe1 siliques. C and D, The outer
integument in post-globular-staged wild-type and ethe1 seeds. Higher
magnification image of the outer integument of an earlier staged wild-
type seed is shown in section E. F and G, Confocal microscopy of Wt (F)
and ethe1 (G) seeds from the same silique at approximately octant stage.
Size bar = 10 mm. [See online article for color version of this figure.]
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endosperm nuclei were observed in the PEN of ethe1
seeds. In addition, few chalazal nodules were observed,
and in some instances the CZE appeared to degenerate
(Fig. 4Diii). At approximately this time, embryo devel-
opment also appeared to slow in ethe1 seeds. Specifically,
embryos in ethe1 seeds had only progressed to the der-
matogen stage when the rest of the seeds in the silique
contained embryos at the globular stage (Fig. 4, Ci and
Di). By the time wild-type embryos had reached the
triangular stage the endosperm contained approximately
300 cellularized nuclei in the PEN and the CZE was well
developed (Fig. 4E, i–iii). In contrast, ethe1 embryos in the
same silique had only progressed to the globular stage
with 20 to 30 nuclei observed in the PEN and no de-
velopment of the CZE (Fig. 4F, i–iii). As seed develop-
ment progressed, ethe1 embryo development continued
to lag that of the wild type, and development of the
endosperm arrested. When wild-type embryos were at
the torpedo stage, ethe1 embryos had only reached the
triangular stage (Fig. 4, Gi and Hi). At this point 40 to 50
endosperm nuclei could be found in the PENwith few, if
any, nuclei present in the CZE of ethe1 seeds (Fig. 4H, ii
and iii). Cellularization of endosperm never occurred in
ethe1 seeds. Instead, premature degeneration of the PEN
and CZE was observed in ethe1 seeds, with embryo de-
velopment eventually arresting at approximately early
heart stage.

We next investigated the distribution of ETHE1
during wild-type flower and seed development to help
understand the observed seed defects. Immunolocal-
ization studies on buds, flowers, and developing
siliques revealed ETHE1 signals above background
levels in all tissues examined (Fig. 5). ETHE1 is present
in flower buds with the strongest ETHE1 signals ob-
served in the tapetal cells, the nutrient cells of the an-
ther (Fig. 5, A–D). In early stages of seed growth,
including from the zygote to globular embryo stages,
ETHE1 signal is present in the developing embryo and
throughout the endosperm (Fig. 5, E–I). Closer exam-
ination revealed that early in development the stron-
gest ETHE1 signals are observed in the embryo proper
and the PEN of young, zygote-stage seeds (Fig. 5,
F and G). As development progresses to the globular
stage, the ETHE1 signal becomes more pronounced
and is the strongest in the PEN and CZE tissues (Fig. 5,
M–O). At this stage in development, the MCE has
begun to cellularize, while the PEN and CZE are still
rapidly dividing.

Transmission electron microscopy (TEM) was then
performed to further define the differences in the en-
dosperm and embryos of ethe1 and wild-type seeds.
Light microscopy indicated that embryo arrest occurs
by approximately early heart stage in ethe1 seeds. The
ultrastructure of both endosperm and embryo cells in

Figure 4. Embryo and endosperm development in ethe1 siliques. Embryo and endosperm images from wild-type and ethe1
seeds analyzed by whole-mount clearing are shown. Images of wild-type (A, C, E, and G) and corresponding ethe1 (B, D, F, and
H) embryo sacs from the same siliques. Adjacent images of embryos (i), PEN (ii), and CZE (iii) were taken from the same embryo
sac. A, Wild-type four-cell embryo (i), PEN (ii), and CZE (iii). B, ethe1 four-cell embryo (i), PEN (ii), and CZE (iii). No abnor-
malities were observed at this stage. C, Wild-type globular embryo (i), PEN (ii), and CZE (iii). D, ethe1 dermatogen embryo (i),
PEN with only few endosperm nuclei visible (ii), and CZE (iii). E, Wild-type early heart embryo (i), PEN that is undergoing
cellularization (ii), CZE (iii). F, ethe1 early globular embryo (i), PEN (ii), and CZE (iii). Very few nuclear cytoplasmic domains
(NCDs) are visible in the PEN and CZE. G, Wild-type torpedo stage embryo (i), PEN that has completed the cellularization
process (ii), and CZE (iii). H, ethe1 triangular embryo (i), PEN (ii), and CZE (iii). NCDs in the PEN and CZE are in the process of
degradation. Scale bars = 10 mm.
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ethe1 ovules at this stage was consistently poor, even
though the ultrastructure of the surrounding cells of
the ovule wall was consistently good (not shown). This
is consistent with cellular degeneration of the endo-
sperm and embryo at the time of arrest. In contrast, the
ultrastructure of embryo and endosperm cells in ethe1
ovules at earlier stages of development was relatively
normal. For example, although the size of ovules con-
taining wild-type and ethe1 globular-staged embryos
was quite different, the ultrastructure of the embryo and
suspensor cells was similar (Fig. 6, A and B), with the
exception of the appearance of mitochondria. Adjacent
cells of the suspensor are connected by plasmodesmata,
and the suspensor cells and endosperm contain nu-
merous large and small vacuoles. Small plastids with a
few thylakoid membranes and plastoglobuli are present
in both the suspensor and endosperm, visible in the
cytoplasm of the endosperm shown in Figure 6, A and
B. While mitochondria in the suspensor and endosperm
of the wild type have electron-lucent interiors and

relatively few lamellar cristae that are restricted to the
periphery of the organelles (Fig. 6, A and C), mito-
chondria in ethe1 suspensors and endosperm often
have electron-dense inclusions in the mitochondrial
matrix (Fig. 6, B and D). The nuclear cytoplasmic do-
mains of the PEN are also smaller in ethe1 seeds than in
the wild type. Therefore, with the exception of the size
of these nuclear cytoplasmic domains, mitochondrial
alterations are the first alterations observed at the ul-
trastructural level.

The tight genetic linkage between the ETHE1 T-DNA
insertion and the observed seed defects indicated that
ETHE1 is an essential gene that is required for early
embryo and endosperm development. A complemen-
tation study was performed to verify this conclusion. A
3.4-kb genomic DNA fragment containing ETHE1 was
transformed into a segregating population of ETHE1/
ethe1 plants. Three independent lines that were homo-
zygous for the ethe1 T-DNA mutation and contained
the ETHE1 complementation construct were identified

Figure 5. Immunolocalization of ETHE1 in wild-
type buds. Sections of wild-type buds (A and B),
anthers (C and D), and seeds (E–O) were prepared
and treated with preimmune serum (A, C, E, H, J–
L) or ETHE1 antibody (B, D, F, G, I, M–O). ETHE1
cross-reactive material is purple, nonspecific sig-
nals from the detection system are brown. ETHE1
is present in the tapetal cells of the anther (B and
D), zygote (F), and PEN nuclei (G). ETHE1 is also
present in globular-staged seeds (I), in particular,
in the globular embryo (M), the PEN nuclei (N),
and the chalazal cyst (O). The embryo and cha-
lazal region are labeled with e and chz, respec-
tively. Size bar = 50 mm.
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(Fig. 3A). To further verify that complete complemen-
tation had occurred, individual siliques from ethe1
plants that contained the complementation construct
were analyzed for the presence of abnormal/aborted
seeds. A total of 59 (3.7%) out of 1,341 seeds examined
in siliques from the complementation lines were aborted,
which is similar to the number of aborted seeds typically
observed in wild-type siliques. These results confirm
that ETHE1 is required for endosperm and, ultimately,
normal embryo development.

DISCUSSION

In this report we show that the protein encoded by
At1g53580 encodes the Arabidopsis ortholog of human
ETHE1, and that Arabidopsis ETHE1 is an essential
protein required for endosperm and embryo develop-
ment. The first defects associated with ethe1 seeds are
observed in the endosperm. Wild-type seeds at the
eight-cell octant stage contain approximately 50 to 75
free endosperm nuclei in the PEN, and chalazal nodules
have formed (Ingouff et al., 2005). At this time wild-
type seeds have begun to enlarge. In contrast, ethe1

seeds are significantly smaller with relatively few nuclei
in the PEN; chalazal nodules were typically also absent
(Figs. 3G and 4D). Early endosperm development is
coupled to cell elongation and seed coat development
(Sundaresan, 2005; Ingouff et al., 2006) and several
studies have shown that the endosperm plays a direct
role in early seed size (Garcia et al., 2003; Weijers et al.,
2003; Wang et al., 2010). For example, the haiku2mutant
shows defects in endosperm development, integument
elongation, and seed size (Garcia et al., 2003, 2005; Luo
et al., 2005). However, the endosperm of ethe1 seeds
arrests at a much earlier stage of development than in
haiku2 seeds, which exhibit precocious endosperm cel-
lularization, reduced proliferation of the endosperm,
and a reduction of embryo growth at the torpedo stage
(Garcia et al., 2003). Interestingly, haiku2 seeds while
smaller than the wild type are still viable. The delayed/
restricted development of the integument and reduced
size of ethe1 seeds is consistent with the theory that
early endosperm development plays an important role
in seed size and integument development.

A delay in ethe1 embryo development becomes ap-
parent by the time wild-type embryos reach the glob-
ular stage. At this point ethe1 seeds contain embryos

Figure 6. TEMs of wild-type and ethe1 seeds at
late globular stage. Micrographs of endosperm
(oriented to bottom; A and B) and adjacent basal
cells of the suspensor (C and D) in the wild type
(A and C) and ethe1 (B and D). Plasmodesmata
(asterisk) are present between cells of the sus-
pensor. Small chloroplasts are visible in the en-
dosperm (Chl) and mitochondria (arrowheads)
and large and small vacuoles are present in both
endosperm and suspensor cells. Wild-type mito-
chondria have electron lucent interiors with cris-
tae located at the periphery. The interior of most
ethe1 mitochondria contain electron-dense in-
clusions. Size bars = 1 mm.
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that had progressed to the dermatogen stage (Fig. 4, Ci
and Di). As seed development continues the altera-
tions in ethe1 seeds become more apparent. By the time
wild-type embryos reach the triangular stage the
endosperm contained approximately 300 cellularized
nuclei in the PEN and the CZE was well developed
(Fig. 4E, i–iii). In contrast, ethe1 embryos in the same
silique had only progressed to the early globular stage
with 20 to 30 nuclei observed in the PEN and no de-
velopment of the CZE (Fig. 4F, i–iii). As seed devel-
opment progressed further, ethe1 embryo development
continued to slow and development of the endosperm
arrested. When wild-type embryos were at the torpedo
stage, ethe1 embryos had only reached the triangular
stage (Fig. 4, Gi and Hi) with 40 to 50 endosperm
nuclei in the PEN with few, if any nuclei present in the
CZE (Fig. 4H, ii and iii). Cellularization of endosperm
never occurred in ethe1 seeds; rather, degeneration of
the PEN and CZE was observed in most ethe1 seeds by
the time embryo development arrested at the triangular/
early heart stage.
Several mutants have been isolated showing defects

in late endosperm development, including the absence
of endosperm cellularization. The majority of these
mutants such as pilz, titan, knolle, and hinkel are in
genes required for nuclear or cellular division and
affect both the embryo and endosperm (Lukowitz
et al., 1996; Liu and Meinke, 1998; Mayer et al., 1999;
Strompen et al., 2002). In several other mutants, in-
cluding spatzle, fis1, and fis2, the endosperm fails to
cellularize, but no apparent cytokinesis defects are
observed in the developing embryo (Luo et al., 1999,
2000; Ohad et al., 1999; Sørensen et al., 2002). Inter-
estingly, even though endosperm cellularization is
blocked in these mutants, the resulting seed is com-
parable in size to the wild type and is able to develop
into a fully functional plant, suggesting that late en-
dosperm development is not required for embryo vi-
ability (Sørensen et al., 2002). Therefore, the absence of
endosperm cellularization that we observe is likely not
the cause of the embryo arrest in ethe1 seeds.
With the exception of the developmental delay,

major alterations were not observed in ethe1 embryos
(Fig. 4, B, D, F, and H). The observation that the ear-
liest and most dramatic effects are on the endosperm
indicates that ETHE1 is critical for early endosperm
development and suggests that ETHE1 may play a
lesser/later role in embryo development. Consistent
with this theory is our observation that while ETHE1 is
present in both the embryo and endosperm during
early seed development (Fig. 6, G and H), the strongest
ETHE1 signals are observed in the PEN and the cha-
lazal cyst (Fig. 6, M–O).
The endosperm plays a number of roles in embryo

development, including serving as a physical support
for the growing embryo, protecting the embryo from
physical and osmotic stress, and serving a critical role
in nutrient flux and storage (Nguyen et al., 2000;
Garcia et al., 2003). Metabolic and transcriptional
profiling along with classical biochemical studies all

provide strong support for the role of the endosperm
acting as a sink for the storage, processing, and de-
livery of nutrients to the embryo (for review, see
Berger et al., 2006; Ingram, 2010). Therefore, the slow
growth of the embryo in ethe1 seeds is likely due in
part to the early alterations we observe in the endo-
sperm. ETHE1 may also play an important role in the
suspensor and/or embryo proper. Mitochondrial al-
terations in the suspensor and endosperm are the first
ultrastructural abnormalities that we observe. The
suspensor and in particular the basal cell of the sus-
pensor is metabolically very active. During mid to late
globular stages giant mitochondria, which are hy-
pothesized to form when the nutritional needs of the
developing embryo outstrip the ability of the endo-
sperm to provide nutrition, are observed in the basal
cells in Arabidopsis (Mansfield and Briarty, 1991).
Therefore, the slow growth and ultimate arrest of ethe1
embryos could result from a reduced flow of nutrients
from the endosperm and suspensor that results from
mitochondrial dysfunction in these cells.

Humans with EE and ethe12/2 mice excrete large
amounts of thiosulfate and human ETHE1 exhibits
sulfur dioxygenase activity (Tiranti et al., 2006, 2009).
Micromolar concentrations of sulfide inhibit mitochon-
drial COX and short-chain acyl-CoA dehydrogenase
(Tiranti et al., 2009; Bouillaud and Blachier, 2011), and
long-term exposure to sulfide can result in degradation
of COX and mitochondrial dysfunction (Di Meo et al.,
2011). We have shown here that Arabidopsis ETHE1
also exhibits sulfur dioxygenase activity. Electron-dense
inclusions are observed in the matrix of mitochondria in
the endosperm and suspensor cells of ethe1 seeds when
examined by TEM (Fig. 6, B and D). Sulfide readily
forms precipitates with metal ions, raising the possi-
bility that the precipitates we observed in ethe1 mito-
chondria during the TEM analysis arise from high
sulfide concentrations. Attempts to identify the nature
of the mitochondrial inclusions using energy-dispersive
x-ray spectrometry were unsuccessful. Similar mito-
chondrial inclusions were observed in mouse mam-
mary epithelial cell lines treated with selenium (Medina
et al., 1983). The nature of these mitochondrial inclu-
sions was not determined, but proposed to be protein:
selenium complexes since selenium reacts readily with
mercapto groups of organic compounds. High concen-
trations of selenium can inhibit a number of enzymes, in
particular mitochondrial succinic dehydrogenase (Klug
et al., 1953). Therefore, the endosperm defects and ul-
timately the embryo arrest that we observe are likely
the direct result of alterations in mitochondrial function.

However, further experiments are necessary to test
this hypothesis and determine more specifically the
cause of endosperm and embryo arrest in ethe1 plants.
For example, the observed defects could arise directly
from the inhibition of mitochondrial respiration. How-
ever, the alternative oxidase is resistant to inhibition by
sulfide and therefore should maintain respiration but
with the loss of energy (Bahr and Bonner, 1973). At this
time it is not clear if the alternative oxidase is active in
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the endosperm and developing embryo. It is also pos-
sible that inhibition of the mitochondrial respiratory
chain enhances superoxide formation, causing oxida-
tive stress in the cells (Bouillaud and Blachier, 2011).
This could inhibit endosperm division and ultimately
embryo growth. Likewise, little to nothing is known
about the sulfur assimilatory pathway in Arabidopsis
seeds. Therefore, it is also possible that inactivation
of ETHE1 disrupts an aspect of secondary sulfur
metabolism, which in turn could affect the levels of
brassinosteroid and jasmonate hormones and/or other
sulfonated compounds necessary for embryo growth
(Klein and Papenbrock, 2004; Halkier and Gershenzon,
2006; Amano et al., 2007). EE patients display a wide
range of metabolic alterations, many of which are not
easily explained by the sulfur dioxygenase activity of
ETHE1 (Burlina et al., 1991, 1994; Tiranti et al., 2004,
2006, 2009). We expect that this will also be the situa-
tion in plants and that more detailed studies on ETHE1
and sulfur metabolism during seed development will
be required before the specific basis of the seed defect
in ethe1 plants is fully understood.

MATERIALS AND METHODS

Plant Material

The ETHE1 loss-of-function mutant was obtained from the DuPont p2800
T-DNA-tagged seed pool. Seeds were vernalized at 4°C for 48 h prior to
growth on commercial potting soil at 23°C with a 16/8-h light/dark cycle.
Wild-type Wassilewskija was used as the control in development and im-
munolocalization studies.

Arabidopsis (Arabidopsis thaliana; ecotype Landsberg erecta) cell suspen-
sions were grown in 50 mL liquid medium (13 Murashige and Skoog basal
salts, 13 Gamborg’s B5 vitamins, 3% [w/v] Suc, 0.59 g/L MES, 0.5 mg/L
1-naphthaleneacetic acid, and 0.05 mg/L benzylaminopurine, pH 5.7) at 25°C
with gentle agitation (130 rpm) in 16/8-h light/dark cycles. A 6-mL aliquot
was transferred to 50 mL fresh medium each week.

Phylogenetic Analysis of b-Lactamase Proteins

A phylogenetic tree was derived from multiple alignments of b-lactamase
fold-containing proteins using Clustal W version 1.82. A neighbor-joining
analysis was conducted with MEGA version 3.1 using the Poisson correction
amino acid substitution model and the complete deletion gaps option (Kumar
et al., 2004). Bootstrap values from 500 replicates were calculated and are
indicated at branch points on the neighbor-joining tree.

Molecular Analysis of ETHE1

PCR was performed on pooled genomic DNA isolated from a population of
Arabidopsis T-DNA insertion lines. T1 seeds from pool p2800, which was
found to contain the ETHE1 T-DNA line, were obtained from the Arabidopsis
Biological Resource Center. Genotyping was performed by PCR using a
combination of T-DNA insertion and wild-type ETHE1 primer pairs. Ampli-
fication products were verified through DNA sequencing.

Complementation studies were conducted using pCAMBIA-1390 contain-
ing a 3,400-bp ETHE1 genomic DNA fragment. The construct was transformed
into GV3101/PMP90 A. tumefaciens cells and transferred into a segregating
population of heterozygous ETHE1/ethe1 plants. Transformants were selected
on hygromycin (25 mg/L) and confirmed by PCR screening. Genotyping was
performed by PCR using primers specific to the T-DNA insertion and the
wild-type ETHE1 locus.

The Arabidopsis ETHE1 cDNA was cloned into pFAST (Ge et al., 2005) to
generate a C-terminal FAST-tag fusion for expression in plant cells. The con-
struct was sequenced and transformed into GV3101/PMP90 A. tumefaciens

cells, which were used to transform Arabidopsis suspension cells (Holdorf,
2008). Transformants were selected on solid medium containing kanamycin
(50 mg/L) and cefotaxime (200 mg/L) and confirmed by PCR screening.
Positive calli were reintroduced into liquid medium containing kanamycin
(50 mg/L) and cefotaxime (200 mg/L).

Biochemical Studies

The Arabidopsis ETHE1 cDNA was cloned into pET15b, sequenced, and
introduced into Escherichia coli BL21-RIL cells for protein overexpression. The
human ETHE1 overexpression clone was used as a control (Tiranti et al., 2009).
ETHE1 plasmid-containing cells were grown, induced, and ETHE1 purified as
described previously (Holdorf et al., 2008). Protein purity was assessed by SDS-
PAGE gels and quantified at Abs280 using molar extinction coefficients of
10,240 M

21 cm21 and 19,275 M
21 cm21 for Arabidopsis and human ETHE1, re-

spectively. Purified ETHE1 (280 mg) was resuspended in 1 mL phosphate-
buffered saline and mixed with either Freund’s complete or incomplete adjuvant
and used to raise polyclonal antibody in rabbits using standard procedures.

Sulfur-dependent dioxygenase activity was measured on purified ETHE1
using the assay of Hildebrandt and Grieshaber (2008) on an Oxygraph system
(Hansatech Instruments). The reaction mixture (2 mL) contained 0.1 M potassium
phosphate buffer (pH 7.4), 1 mM reduced glutathione, and 12 mg/mL purified
ETHE1. The assay was started by addition of 30 mL of acetonic sulfur or acetone
as a control. Acetonic sulfur was a saturated solution containing approximately
17 mM sulfur. The rate of O2 consumption was determined and reported as mmol
min21 mg21. The data reflect the average rate of at least three different protein
preparations for Arabidopsis ETHE1 (n = 14 6 sulfur) and a single preparation
for human ETHE1 (n = 8 + sulfur and n = 5 2 sulfur). The enzymatic activity
of ETHE1 with S-D-lactoylglutathione was measured as previously described
(Marasinghe et al., 2005).

ETHE1-FAST cell cultures were fractionated using differential centrifuga-
tion and analyzed by western blotting to determine the subcellular location of
ETHE1. Harvested cells were lysed in isolation buffer (0.35 M sorbitol, 25 mM

MOPS, 0.1% bovine serum albumin, 2 mM EDTA, 0.1% 2-mercaptoethanol, 1%
polyvinylpyrrolidone-40) and centrifuged at 2,500g for 5 min. Mitochondria
were pelleted and washed three times in wash buffer (0.4 M Suc, 2 mM EDTA,
10 mM MOPS, 0.1% bovine serum albumin) using alternating low- and high-
speed spins. The mitochondrial pellet was lysed in 50 mM TRIS pH 8.0, 0.5%
Triton X-100, and centrifuged for 30 min at 12,000g. Protein was quantitated
using a bicinchoninic acid assay, and 10 mg of total, cytoplasmic, and mito-
chondrial protein was separated by SDS-PAGE gel for western detection using
anti-FLAG or antimitochondrial COX antibody.

Microscopy

Mature siliques from ETHE1/ethe1 and wild-type plants (20 each) were
treated with a 4% (w/v) sodium hydroxide solution for 16 h at room tem-
perature and the numbers of aborted and healthy seeds were determined
under a dissecting microscope.

Endosperm development was analyzed in siliques from individual ethe1
heterozygous plants using laser-scanning confocal microscopy essentially as
described (Braselton et al., 1996). Whole-mount clearing was also used to
analyze embryo and endosperm development. Siliques from ethe1 heterozy-
gous plants were dissected and cleared in Herr’s solution containing lactic
acid:chloral hydrate:phenol:clove oil:xylene (2:2:2:2:1, w/w). Embryo and
endosperm development was studied microscopically with a Nikon micro-
scope equipped with differential interference contrast optics.

SEM was performed on staged flowers/siliques fixed overnight at room
temperature in 2.5% (v/v) glutaraldehyde, 0.1 M HEPES buffer (pH 7.2), 0.02%
(v/v) Triton X-100, rinsed in 0.1 M HEPES buffer, and postfixed in 1% (w/v)
aqueous OsO4 overnight. Individual gynoecia were dissected in buffer and
ovules placed into a critical point drier specimen basket submerged in buffer.
Samples were dehydrated through a graded ethanol series (10% increments,
1 h each) ending with three changes of 100% ethanol, and critical point dried
with a Balzers CPD 020 using CO2 as the transitional fluid. Dried specimens
were mounted, sputter coated with gold, and examined with a Hitachi S-570
SEM operating at 15 kV. Digital images were captured using an Oxford Link
ISIS microanalysis system.

Immunolocalization studies were conducted on flowers and siliques (0.4–
0.8 cm). Blocks were sectioned at 12 microns on a microtome and adhered to
poly-L-Lys coated slides (Hong et al., 1996). Immunochemistry was performed
essentially as described (Shiba et al., 2001) using anti-ETHE1 antibody (1:1,000)
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and alkaline-phosphatase goat-anti-rabbit secondary antibody (1:1,000). Samples
were observed and analyzed as described above.

For TEM, siliques from ETHE1/ethe1 and wild-type plants were opened,
individual ovules were removed with a fine needle and transferred to separate
cell strainer baskets immersed in 2.5% (v/v) glutaraldehyde in 0.1 M HEPES
buffer (pH 7.2) and 0.02% (v/v) Triton X-100. Ovules were fixed overnight at
room temperature and rinsed in three changes of 0.1 M HEPES buffer (pH 7.2).
The rinsed ovules were then submerged in 1% (w/v) aqueous OsO4 and
postfixed overnight at room temperature. After rinsing with distilled, deion-
ized water individual ovules were moved to a pad of solidified 4% agar and
encased in additional warm but still molten 4% agar. The agar solidified was
cut into cubes each containing a single ovule. The cubes were dehydrated in
acetone and infiltrated in Spurr’s resin modified by the addition of Quetol 651
according to Table 3 of Ellis, 2006, with the exception that 0.05 g 2(dimethyl-
amino)ethanol was used in place of the 0.20 mL N,N-dimethylbenzylamine.
Individual ovules were oriented for longitudinal sectioning in flat embedding
molds and polymerized. Silver sections were cut with a Reichert Ultracut E
ultramicrotome, stained with uranyl acetate and Reynold’s lead citrate, ex-
amined, and imaged with a Hitachi H-600 TEM operating at 75 kV.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers human (Homo sapiens) ETHE1 (NP_055112),
mouse (Mus musculus) ETHE1 (NP_075643), frog (Xenopus laevis) ETHE1
(NP_001079404), Xenopus tropicalis ETHE1 (NP_001005706), fish (Danio rerio)
ETHE1 (NP_998094), Arabidopsis ETHE1 (NP_974018), rice (Oryza sativa)
Os01g066200 (NP_001043807), Burkholderia phytofirmans (ZP_01508561), Stig-
matella aurantiaca ETHE1 (ZP_01459266), Myxococcus xanthus (YP_633997),
Arabidopsis GLX2-1 (NP_973679), Arabidopsis GLX2-2 (NP_187696), Arabi-
dopsis GLX2-4 (NP_849599), Arabidopsis GLX2-5 (NP_850166), human GLX2
(CAA62483), mouse GLX2 (NP_077246), rice GLX2 (AAL14249), Brassica jun-
cea GLX2 (AA026580), yeast GLO2 (CAA71335), yeast (Saccharomyces cer-
evisiae) GLO4 (CAA99230), rice Os03g0332400 (BAF11930), rice OsJ_010290
(EAZ26807), and Stenotrophomonas maltophilia L1 b-lactamase (CAB63489).
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