











because parasitic plants are especially active in
mitochondrial HGT (5, 7-10), this tract probably
came from a santalalean donor that had previ-
ously acquired Bambusa DNA through HGT (13).
The presence of santalalean DNA in six, mostly
long HGT tracts (Fig. 1A) suggests that a large
portion of the foreign angiosperm DNA in Amborella
came from Santalales. Indeed, RNA-editing data
indicate that the 27-kb tract of putative santalalean
origin may actually be part of a much larger (>105 kb)
HGT tract (13).

A Graveyard of Foreign Genes

The 197 foreign mitochondrial protein genes in
Amborella are predominantly pseudogenes, with
only 50 (25%) of them having full-length, intact
open reading frames (tables S2 and S8). The in-
tact genes are predominantly short (figs. S22 and
S23), suggesting that many of these have remained
intact by chance; that is, they are pseudogenes
that have yet to sustain an obvious pseudogene
mutation. Consistent with this, many of these in-
tact genes are not expressed properly.

On the basis of phylogenetic, RNA editing,
and/or linkage evidence (table S9) (13), Amborella
mtDNA is hypothesized to contain a functional,
native copy of all but one (rp/10) of the 49 mito-
chondrial protein and rRNA genes inferred to be
present in the ancestral angiosperm (fig. S13) (7).
c¢DNA sequencing of 44 of the 48 native genes
showed that, with one apparent exception, they are
all transcribed and properly RNA edited (table S10)
(13). In contrast, no transcripts were detected for
many genes of foreign origin, and 13 of 14 tran-

nad7

pl2
coxl
rps2

o )
g [fe}
(5] 8

0. T o

<
)
o
=

scribed genes of foreign angiosperm origin (eight
of them intact) were poorly edited, suggesting
that they are pseudogenes (table S10) (13, 19).
The strongest candidates for functional replace-
ment of native genes are tRNA genes. Several native
tRNA genes are missing from Amborella mtDNA
(fig. S13). These, and even some of the native tRNA
genes still present (20), may have been functionally
replaced by some of its dozens of intact foreign
tRNA genes (figs. S2 and S4) (13). This would not
be surprising, because cognate tRNAs of diverse
origin (plastid, nuclear, bacterial) often replace
native tRNAs in plant mitochondrial translation
(6, 11, 20, 21). Moreover, even a modest number
of tRNA gene replacements could have led to the
fixation, through genetic hitchhiking, of a consid-
erable portion of the foreign mtDNA in Amborella.
In summary, the great majority of the foreign
mitochondrial genes in Amborella are unlikely to
be functional. Given its six genomes worth of
foreign mitochondrial genes, Amborella mtDNA
serves as a striking example of neutral evolution.

Ancient Transfers, Remarkably Intact

Our ability to date the many mitochondrial HGTs
in Amborella is limited. However, the extensive
pseudogene decay of its foreign DNA (tables S2
and S8)—in conjunction with low mitochondrial
substitution rates in angiosperms (including
Amborella) (fig. S17) (18) and low rates of pseu-
dogene decay (/9)—suggests that most transfers
are probably millions of years old (/3).
Angiosperm mitochondrial genomes typical-
ly experience high rates of DNA gain, loss, and
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Fig. 3. A nearly full-length moss mitochondrial genome in Amborella mtDNA. Colored boxes and
arrows indicate the position and relative orientation, respectively, of the seven blocks of synteny between
the mitochondrial genome of the moss Anomodon (top) and the four moss-derived regions in Amborella
mtDNA (M1 to M4) (Fig. 1A). Selected genes are shown; see figs. S2 and Sé for all genes.
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rearrangement (13, /7). Amborella mtDNA seems,
however, less prone to lose and rearrange DNA.
Relative to their many pseudogene mutations, the
four moss and green algal whole-genome trans-
fers are surprisingly intact with respect to overall
sequence content and arrangement. Only 11% of
the protein-coding sequence content inferred to
be present at the time of these four transfers has
been deleted, mostly due to a few single- or multi-
gene deletions (Fig. 4, fig. S6, and tables S2 and
S8) (13). The green algal A and B genomes are
both intact syntenically except for a single, mu-
tual recombination event, whereas the C and moss
genomes have each been fragmented into just
four segments (Figs. 1, 3, and 4). In typical angio-
sperm mtDNAs, comparably old and large tracts
of largely nonfunctional DNA would be expected
to have mostly been lost by now, and what re-
mained to be more highly rearranged (13, 7).

Mitochondrial Fusion Drives and Limits
Mitochondrial HGT

Two mechanisms have been proposed to account
for the relatively high frequency of HGT in land
plant mitochondria and its absence from plastids
of land plants, including Amborella (6, 8, 9). First,
plant mitochondria are transformation competent
(22), whereas no such evidence has been reported
for plastids. Second, plant mitochondria regularly
fuse in vivo, whereas plastids do not (23, 24).
Three aspects of the horizontally acquired DNA
in Amborella argue that its entry into the mito-
chondrion was driven principally, if not entirely,
by mitochondrial fusion—that is, this DNA en-
tered predominantly in large pieces, including
whole genomes (/3), is limited to other mitochon-
drial genomes (/3) and is limited to green algae
and land plants.

Why are the many Amborella donors limited
to green plants, as opposed to, for instance, fungi,
given their pervasive interactions with plants as
mycorrhizal partners, endophytes, epiphytes, and
pathogens? We propose that this reflects a phylo-
genetically deep incompatibility in the mecha-
nism of mitochondrial fusion. The mechanism of
mitochondrial fusion in fungi and animals is fun-
damentally the same, involving a core machinery
of dynamin-related guanosine triphosphatases that
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Fig. 4. Pairwise comparisons of the green algal B-genome donor to
Amborella with the A- and C-genome donors. Brackets on the A, B, and C
genomes indicate their fragmentation in Amborella (Fig. 1A). Blocks of two or
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more genes with identical order in a comparison are colored the same, regardless
of gene orientation. Open boxes mark genes present in both genomes but not
part of a syntenic block. Bullets mark genes present in only one genome.
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Fig. 5. Ecological setting of HGT in Amborella. (A and B) Prostrate branches of Amborella with
suckers (green arrows) and epiphytes, including mosses, liverworts, ferns, and angiosperms. (C to F)
Amborella leaves and branches covered predominantly with lichens [(C) and (F)], leafy liverworts (D), and

mosses (E). See table S11 for photo credits.

are absent from green plants (25-27). This ab-
sence, combined with evidence for differences
in the physiological requirements for fusion, has
prompted speculation that mitochondrial fusion
occurs by a different mechanism in angiosperms
than in animals and fungi (24, 27, 28). Our data
provide evolutionary support for this hypothesis
and also lead us to propose that mitochondrial
fusion occurs in a fundamentally similar manner
across land plants and green algae (Fig. 6). This
model explains why, despite presumably broad
phylogenetic exposure to foreign mitochondria,
the vast majority of HGT in the mitochondrion
of Amborella—and other plants (2—10, 13)—is
restricted to other plant mitochondria.

Capture of Foreign Mitochondria

Biological vectors large enough to mobilize en-
tire mitochondria, such as pollen (9, 29), insects,
and fungi, could account for some of the mito-
chondrial HGT in Amborella (bacteria and viruses
are presumably too small to transfer an entire
mitochondrion). However, in light of its ecology
and development, nonvectored processes involv-
ing direct contact between Amborella and po-
tential donors probably predominate. Amborella
grows in montane rainforests, often covered by
a diversity of epiphytes, mostly bryophytes (in-
cluding mosses) and lichens (a potential source
of its green algal genomes), and sometimes even
other angiosperms (Fig. 5). Amborella is often
wounded and responds by producing abundant
suckers (Figs. 5, A and B). Wounding can break
cells belonging to both Amborella and the or-
ganisms growing on and within it. We postulate

that some of the broken Amborella cells are healed
and incorporated into a new meristem—a new
germline arising thanks to the totipotency of plant
cells. Indeed, plant meristems often form in direct
response to wounding and may be especially active
in “massive mitochondrial fusion” (24). Given the
ease of both mitochondrial membrane fusion
and mitochondrial genome recombination, those
healed cells that have taken up a mitochondrion
from another green plant could well incorporate
a portion of the foreign mitochondrial genome.
A fraction of these transfers could then become
fixed.

The wounding-HGT model applies not only
to plants that live on Amborella but also to par-
asites. The Santalales—probably the major source
of foreign angiosperm mtDNA in Amborella—
are also the major group of parasitic plants in
New Caledonia and the largest group of parasitic
angiosperms worldwide (30, 31).

Concluding Remarks

The Amborella mitochondrial genome has both
captured other mitochondrial genomes whole and
retained them in remarkably intact form for ages.
Its assemblage of foreign mtDNA probably
reflects a range of factors—ecological, develop-
mental, and molecular—that promote the capture
of foreign mtDNA and retard its loss and rear-
rangement. This genome highlights the potential
scale of neutral evolution and is thus relevant to
current debates on the issue of “junk DNA” in
nuclear genomes (32). The greatest importance of
this genome is mechanistic: It provides compell-
ing support for mitochondrial fusion as the key

Green plants

Animals

Fungi

Fig. 6. Evolutionary model of mitochondrial
fusion compatibilities. Green and orange indi-
cate different mechanisms of mitochondrial fusion
(24, 25, 27, 28), due to either highly divergent evo-
lution from a common ancestral mechanism or
independent origins of fusion. See table S11 for
photo credits.

that unlocks mitochondrial HGT and for fusion
incompatibility as a major barrier to phylogenet-
ically unconstrained mitochondrial “sex.”
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Constraining Exoplanet Mass from
Transmission Spectroscopy

Julien de Wit™* and Sara Seager?

Determination of an exoplanet’s mass is a key to understanding its basic properties, including

its potential for supporting life. To date, mass constraints for exoplanets are predominantly based on
radial velocity (RV) measurements, which are not suited for planets with low masses, large semimajor
axes, or those orbiting faint or active stars. Here, we present a method to extract an exoplanet’s mass
solely from its transmission spectrum. We find good agreement between the mass retrieved for the
hot Jupiter HD 189733b from transmission spectroscopy with that from RV measurements. Our
method will be able to retrieve the masses of Earth-sized and super-Earth planets using data from
future space telescopes that were initially designed for atmospheric characterization.

ith more than 900 confirmed exopla-
‘ }s / nets (/) and more than 2300 planetary
candidates known (2), research prior-
ities are moving from planet detection to planet
characterization. In this context, a planet’s mass
is a fundamental parameter because it is con-
nected to a planet’s internal and atmospheric
structure and it affects basic planetary processes,
such as the cooling of a planet, its plate tectonics
(3), magnetic field generation, outgassing, and
atmospheric escape. Measurement of a planetary
mass can in many cases reveal the planet bulk
composition, allowing us to determine whether
the planet is a gas giant or is rocky and suitable
for life as we know it.

Planetary mass is traditionally constrained with
the radial velocity (RV) technique using single-
purpose dedicated instruments. The RV tech-
nique measures the Doppler shift of the stellar
spectrum to derive the planet-to-star (minimum)
mass ratio as the star orbits the planet-star com-
mon center of mass. Although the RV technique
has a pioneering history of success laying the
foundation of the field of exoplanet detection, it
is mainly effective for massive planets around
relatively bright and quiet stars. Most transiting
planets have host stars that are too faint for pre-
cise RV measurements. For sufficiently bright host
stars, stellar perturbations may be larger than the
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planet’s signal, preventing a determination of the
planet mass with RV measurements even for hot
Jupiters (4). In the long term, the limitation due to
the faintness of targets will be reduced with tech-
nological improvements. However, host-star per-

A:: High : A, Low
atmospheric i atmospheric
absorption ; absorption

N R 2
T[22

Time

turbations may be a fundamental limit that cannot
be overcome, meaning that the masses of small
planets orbiting quiet stars would remain out of
reach. Current alternative mass measurements
to RV for transiting planets are based on mod-
ulations of planetary-system light curves (5) or
transit-timing variations (6). The former works
for massive planets on short period orbits and
involves detection of both beaming and ellipsoidal
modulations (7). The latter relies on gravitational
perturbations of a companion on the transiting
planet’s orbit. This method is most successful for
companions that are themselves transiting and in
orbital resonance with the planet of interest (8, 9).
For unseen companions, the mass of the transit-
ing planet is not constrained, but an upper limit
on the mass of the unseen companion can be
obtained to within 15 to 50% (10).

Transiting exoplanets are of special interest
because the size of a transiting exoplanet can be
derived from its transit light curve and combined
with its mass, if known, to yield the planet’s

Fig. 1. Transit-depth variations, 4 (%),
induced by the wavelength-dependent opac-
ity of a transiting planet atmosphere. The
stellar disk and the planet are not resolved; the
flux variation of a point source is observed.
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