
conclude that the soluble UGT85B1 interacts
with both CYP79A1 and CYP71E1, but that it is
not necessary for CYP79A1-CYP71E1 complex for-
mation (Fig. 4E). CYP79A1, CYP71E1, CYP98A1,
and POR2b are situated very close together at
the ER surface and have comparable pairwise
FRET values (Fig. 4F and table S11). All micro-
somal P450s require electron donation fromPOR;
therefore, it is not surprising that CYP98A1 is
proximal to the dhurrin biosynthetic enzymes
(Fig. 4, A, B, and D). UGT85B1 was situated close
to thenonpartnerERmembraneproteins, CYP98A1
and POR2b, when CYP79A1 and CYP71E1 were
coexpressed (table S12).
A prerequisite to understanding how cells co-

ordinate diverse metabolic activities is to under-
stand how the enzyme systems catalyzing these
reactions are organized and their possible en-
rollment as part of dynamic metabolons. Efforts
to maximize product yield from genetically en-
gineered pathways (14–17) would benefit from
this information. In this study, we showed that
the dhurrin pathway forms an efficient metab-
olon. CYP79A1 and CYP71E1 form homo- and
hetero-oligomers, which enable recruitment of
the cytosolic soluble UGT85B1 (Fig. 4G). UGT85B1
regulates the flux of L-tyrosine and stimulates
channeling between CYP79A1 and CYP71E1. Effi-
cient metabolic flux and channeling require an
overall negatively charged lipid surface and may
provide an additional means for regulating the
dynamic assembly necessary to respond swiftly to
environmental challenges. A similar organization
may characterize the biosynthetic pathways of
other specialized metabolites as well.
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◥NEURODEVELOPMENT

The sacral autonomic outflow
is sympathetic
I. Espinosa-Medina,1* O. Saha,1* F. Boismoreau,1 Z. Chettouh,1 F. Rossi,1

W. D. Richardson,2 J.-F. Brunet1†

A kinship between cranial and pelvic visceral nerves of vertebrates has been accepted for a
century. Accordingly, sacral preganglionic neurons are considered parasympathetic, as are their
targets in the pelvic ganglia that prominently control rectal, bladder, and genital functions. Here,
we uncover 15 phenotypic and ontogenetic features that distinguish pre- and postganglionic
neurons of the cranial parasympathetic outflow from those of the thoracolumbar sympathetic
outflow in mice. By every single one, the sacral outflow is indistinguishable from the
thoracolumbar outflow.Thus, the parasympathetic nervous system receives input from cranial
nerves exclusively and the sympathetic nervous system from spinal nerves, thoracic to sacral
inclusively.This simplified, bipartite architecture offers a new framework to understand pelvic
neurophysiology as well as development and evolution of the autonomic nervous system.

T
he allocation of the sacral autonomic out-
flow to the parasympathetic division of the
visceral nervous system—as the second tier
of a “cranio-sacral outflow”—has an ancient
origin, yet a simple history: It is rooted in

thework ofGaskell (1), was formalized by Langley
(2), and has been universally accepted ever since
[as in (3)]. The argument derived from several
similarities of the sacral outflow with the cranial
outflow: (i) anatomical—a target territory less
diffuse than that of the thoracolumbar outflow,
a separation from it by a gap at limb levels, and a
lack of projections to the paravertebral sympa-
thetic chain (1); (ii) physiological—an influence
on someorgansopposite to that of the thoracolum-
bar outflow (4); and (iii) pharmacological—an
overall sensitivity to muscarinic antagonists (2).
However, analysis of cellularphenotypewas lacking.
Here, we define differential genetic signatures and
dependencies for parasympathetic and sympa-
thetic neurons, bothpre- andpostganglionic.When
we reexamine the sacral autonomic outflow of
mice in this light, we find that it is better char-
acterized as sympathetic than parasympathetic.

Cranial parasympathetic preganglionic neu-
rons are born in the “pMNv” progenitor domain
of the hindbrain (5) that expresses the homeogene
Phox2b and produces, in addition, branchiomotor
neurons (6). The postmitotic precursorsmigrate
dorsally (7) to form nuclei (such as the dorsal
motor nucleus of the vagus nerve) and project
through dorsolateral exit points (7) in several
branches of the cranial nerves to innervate para-
sympathetic and enteric ganglia. In contrast,
thoracic and upper lumbar (hereafter “thoracic”)
preganglionic neurons, which are sympathetic,
are thought to have a common origin with so-
matic motoneurons (8, 9). By implication, they
would be born in the pMN progenitor domain
(just dorsal to p3)—thus from progenitors that
express the basic helix-loop-helix (bHLH) tran-
scription factor Olig2 (10). The sympathetic pre-
ganglionic precursors then segregate from somatic
motoneurons to form the intermediolateral col-
umn inmammals (11), project in the ventral roots
of spinal nerves together with axons of somatic
motoneurons, and, via the white rami commu-
nicantes, synapse onto neurons of the paravertebral
and prevertebral sympathetic ganglia.
We sought to compare the genetic makeup

and dependencies of lower lumbar and sacral
(hereafter “sacral”) preganglionic neurons with
that of cranial (parasympathetic) and thoracic
(sympathetic) ones. As representative of cranial
preganglionic neurons, we focused on the dorsal
motor nucleus of the vagus nerve, a cluster of
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neurons already well delineated at 13.5 days of
embryonic development (E13.5), that expresses
the vesicular acetylcholine transporter (VAChT)
(Fig. 1B). Thoracic and sacral preganglionic neu-
rons, which both form amediolateral column in

the spinal cord, did not express VAChT at this
stage despite their eventual cholinergic nature. To
localize them,we thus used their commonmarker
nitric oxide synthase (NOS) (12) (Fig. 1, A and B),
which was absent from the dorsal motor nucleus

of the vagus nerve at E13.5 (Fig. 1B) or later (fig.
S1). Thus, NOS expression characterizes thoracic
and sacral, but not cranial, preganglionic neurons.
In contrast to cranial (parasympathetic) pre-

ganglionic neurons, thoracic (sympathetic) ones

894 18 NOVEMBER 2016 • VOL 354 ISSUE 6314 sciencemag.org SCIENCE

Fig. 1. Sacral preganglionic neurons develop like sympathetic, not
parasympathetic, ones. (A) Longitudinal thick section of the spinal cord
reacted for a reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH) diaphorase activity indicative of NOS expression, revealing the
thoracolumbar and sacral visceromotor columns (arrowheads) sep-
arated by a gap. (B to K) Transverse sections at E13.5 through the right
half of the medulla (left column in both panels), thoracolumbar spinal
cord (middle), and sacral spinal cord (right), stained with the indicated
antibodies and probes, or for NOS expression, in the genetic backgrounds
indicated on the right. (B) The dorsal motor nucleus of the vagus nerve
(nX) expresses VAChT but not NOS, whereas the thoracic and sacral
preganglionic neurons (arrowheads) express NOS but not yet VAChT.
The ventrally located somatic motoneurons, including the hypoglossal nu-
cleus (nXII) in the hindbrain, express VAChT. [(C) and (D)] Phox2b (C) and
Phox2a (D) are expressed in nX but in neither thoracic nor sacral pre-
ganglionic neurons (arrowheads). Lower panels in (C) and (D): higher
magnifications of the preganglionic neurons. (E) Neurons of nX but
neither thoracic nor sacral preganglionic ones (labeled by an antibody to
Islet1/2, white arrowheads) derive from Phox2b+ precursors, perma-

nently labeled in a Phox2b::Cre;RosatdT background. (F) nX is missing in Phox2b knockouts (red arrowhead), but thoracic and sacral preganglionic neurons
are spared (black arrowheads). (G) nX is spared in Olig2 knockouts (black arrowhead), but thoracic and sacral preganglionic neurons are missing (red
arrowheads). nXII is also missing, as expected of a somatic motor nucleus (red arrowhead). [(H) to (J)] Tbx20, Tbx2, and Tbx3 are expressed in all or a
subset of nX neurons (arrowheads in panels of the left column) but in no thoracic or sacral preganglionic neuron (arrowheads in panels of the middle and
right columns). (K) Foxp1 is not expressed in the nX (arrowhead in left column) but is a marker of both thoracic and sacral preganglionic neurons
(arrowheads in middle and right columns). nTS, nucleus of the solitary tract. Scale bars: 1 mm (A), 100 mm [(B) to (K)].
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Fig. 3. The pelvic ganglion
forms independently of its
nerve, like sympathetic and
unlike parasympathetic ones.
(A and C).Whole-mount immu-
nofluorescence with the indicated
antibodies on E11.5 embryos
either heterozygous (A) or homo-
zygous (C) for an Olig2 null muta-
tion.The nascent pelvic nerves
[yellow arrowhead in (A)] seem to
derive mostly from the L6 nerve
at that stage.The Olig2 null muta-
tion (C) spares two thin sensory
pelvic projections.The pelvic gang-
lion (PG) lies ahead of most fibers
in both heterozygous and mutant
background. (B andD).View of the
L6 nerve, covered with Sox10+ cells
but no Phox2b+ cells (yellow arrow-
heads), unlike cranial nerves that
give rise to parasympathetic ganglia
at the same stage [Jacobson’s
nerve in (E)]. (Fand G) In situ
hybridization for Phox2b and
immunohistochemistry for neuro-
filament (NF) on heterozygous and
homozygous Olig2 knockouts at
E13.5, when parasympathetic gan-
glia have formed elsewhere in the
body.Graph: the pelvic ganglion has
the same volume whether its pre-
ganglionic nerve is present [black
arrowhead in (F)] or not (6369 mm3

± 1066 versus 6441 mm3 ± 919,
P =0.96, n = 5 embryos). gt, genital
tubercle; L5 and L6, 5th and 6th lumbar roots; S1, 1st sacral root; SC, sympathetic chain.

Fig. 2. All pelvic ganglionic cells have a sympathetic, not parasympa-
thetic, transcriptional signature. Sagittal sections through parasympathetic
ganglia (columns headed “Parasympathetic”), the lumbar paravertebral
sympathetic chain (columns headed “Sympathetic”), and the pelvic ganglion
(columns headed “Pelvic”) at E13.5, stained by inmmunohistochemistry for
Phox2b, a determinant of all autonomic ganglia (31), and in situ hybridization
for the indicated probes.GG, geniculate ganglion (a cranial sensory ganglion);
O, otic ganglion; S, sphenopalatine ganglion; SM, submandibular ganglion (all
parasympathetic ganglia).
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not only failed to express Phox2b or its paralogue
Phox2a at E13.5 but also arose from Phox2b-
negative progenitors anddidnot dependonPhox2b
for their differentiation (Fig. 1, C to F, left and
middle columns) but instead depended on Olig2
(Fig. 1G). Sacral preganglionic neurons shared all
these features with thoracic ones (Fig. 1, C to G,
middle and right columns). At E13.5, the T-box
transcription factors Tbx20, Tbx2, and Tbx3were
expressed by cranial (parasympathetic) neurons
but by neither thoracic (sympathetic) nor sacral
preganglionic ones (Fig. 1, H to J, and fig. S2).
The F-box transcription factor Foxp1, a determi-
nant of thoracic preganglionic neurons (13), was
expressed by sacral but not cranial preganglionic
neurons (Fig. 1K).Differential expressionofPhox2b,
Tbx20, and FoxP1 between cranial and all spinal
preganglionic neurons, thoracic and sacral, was
still observed at E16.5 (fig. S3). In sum, the onto-
geny and transcriptional signature of sacral pre-
ganglionic neurons was indistinguishable from
that of thoracic ones and therefore sympathetic
as well.
Thoracic and sacral preganglionic neurons share

a settling site in the mediolateral region of the
spinal cord and a ventral exit point for their axons,
whereas cranial preganglionics have a less system-
atized topography and a dorsal axonal exit point.
These similarities of thoracic with sacral, and
differences of both with cranial, are at odds with
the notion of craniosacral outflow since its first
description (1).
The targets of the sacral preganglionic neu-

rons are in the pelvic plexus (figs. S4 and S5) and
are considered, by definition, parasympathetic
(14). Because a proportion of pelvic ganglionic
neurons receive input from upper lumbar levels
[half of them in rats (15)] and thus from sympa-
thetic preganglionic neurons, the pelvic ganglion is
consideredmixed sympathetic andparasympathetic
(16). This connectivity-based definition runs into
a conundrum for cells that receive a dual lumbar/

sacral input (17). The sympathetic identity of both
thoracic and sacral preganglionic neurons that we
unveil here makes the issue moot. Regardless, we
looked for a cell-intrinsic criterion that would
corroborate the sympathetic nature of all pelvic
ganglionic cells in the formof genes differentially
expressed in sympathetic versus parasympathetic
ganglionic cells elsewhere in the autonomic ner-
vous system. Neurotransmitter phenotypes do
not map on the sympathetic/parasympathetic
partition because cholinergic neurons in the pelvic
ganglion comprise both “parasympathetic” and
“sympathetic” ganglionic cells, as defined by con-
nectivity (14), and bona fide sympathetic neurons
of the paravertebral chain are cholinergic [re-
viewed in (18)]. However, we found that three
transcription factors expressed and required in
the sympathoadrenal lineage—Islet1 (19), Gata3
(20), andHand1 (21)—were not expressed in para-
sympathetic ganglia such as the sphenopalatine,
the submandibular, or the otic ganglia (Fig. 2 and
fig. S6) [although Islet1 is expressed in ciliary
ganglia (22) and Gata3 in cardiac ones (20), which
thus diverge from the canonical parasympathetic
molecular signature]. Conversely, we found that
the two paralogous homeobox genes Hmx2 and
Hmx3 are specific markers of all parasympathetic
versus sympathetic ganglia and adrenal medulla
(Fig. 2 and figs. S6 and S7). All cells of the pelvic
ganglion were Islet1+, Gata3+, Hand1+, Hmx3–,
and Hmx2– at E13.5 (Fig. 2) and at E16.5 (fig. S8),
as were smaller scattered ganglia of the pelvic
organs (fig. S8). Thus, all had a sympathetic
transcriptional fingerprint. Similarly, the chicken
ganglion of Remak, classically considered para-
sympathetic (23), displayed an Islet1+, Hand1+,
Hmx3– signature, and thus is sympathetic (fig. S9).
Finally, we tested the pelvic ganglion for the

contrasted modes of development of sympathetic
and parasympathetic ganglia. Parasympathetic
ganglia, unlike sympathetic ones, arise through
the migration of Sox10+/Phox2b+ Schwann cell

precursors along their future preganglionic nerve
toward the site of ganglion formation and do not
form if these nerves are absent (24, 25). At E11.5,
the lumbosacral plexus, which gives rise to the
pelvic nerve, extended some fibers that reached
the lateral and rostral edge of the pelvic ganglion
anlagen, most of which was already situated well
ahead of them (Fig. 3A andmovie S1). These fibers
were coated with Sox10+ cells, none of which,
though, expressed Phox2b (Fig. 3B), in contrast
to the cranial nerves that produce parasympathetic
ganglia at the same stage (Fig. 3E). Deletion of
all motor fibers in Olig2–/– embryos spared only
two thin, presumably sensory, projections from
the lumbosacral plexus (Fig. 3C), also devoid of
Phox2b+ cells (Fig. 3D and fig. S10). Despite this
massive atrophy, the pelvic ganglion appeared
intact (Fig. 3C, fig. S10, and movie S2). This was
verified quantitatively at E13.5 (Fig. 3, F and G).
Thus, even though 50% of its cells are post-
ganglionic to the pelvic nerve, the pelvic ganglion
forms before and independently of it, as befits a
sympathetic ganglion but contrary to parasym-
pathetic ones.
Thus, the sacral visceral nervous system is the

caudal outpost of the sympathetic outflow (Fig. 4
and fig. S11), the autonomic nervous system being
divided in a cranial and a spinal autonomic sys-
tem, in linewith certain evolutionary speculations
(26). This new understanding of the anatomy
accounts for many data that were at odds with
the previous one. For example, although schematics
generally represent the sacral pathway to the
rectum as disynaptic—i.e., vagal-like—[e.g., (3)],
it is in fact predominantly (27) if not exclusively
(28) trisynaptic—i.e., sympathetic-like (29). Despite
the dogma of lumbosacral antagonism on the
bladder detrusor muscle, the lumbar inhibition
is experimentally absent (4) or of dubious func-
tional relevance (30). The synergy of the lumbar
and sacral pathway for vasodilatation in external
sexual organs [reviewed in (29)] shows a conti-
nuity of action—rather than antagonism, as the
old model suggested—across the gap between
the thoracolumbar and sacral outflows.
The sympathetic identity of all sacral and pelvic

autonomic neurons, which our data unveil, pro-
vides a new framework for discoveries on pelvic
neuroanatomy and physiology.
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◥PLANT SCIENCE

Phytochrome B integrates light and
temperature signals in Arabidopsis
Martina Legris,1 Cornelia Klose,2* E. Sethe Burgie,3* Cecilia Costigliolo Rojas,1*
Maximiliano Neme,1 Andreas Hiltbrunner,2,4 Philip A. Wigge,5 Eberhard Schäfer,2,4†
Richard D. Vierstra,3† Jorge J. Casal1,6‡

Ambient temperature regulates many aspects of plant growth and development, but its
sensors are unknown. Here, we demonstrate that the phytochrome B (phyB) photoreceptor
participates in temperature perception through its temperature-dependent reversion from the
active Pfr state to the inactive Pr state. Increased rates of thermal reversion upon exposing
Arabidopsis seedlings to warm environments reduce both the abundance of the biologically
active Pfr-Pfr dimer pool of phyB and the size of the associated nuclear bodies, even in daylight.
Mathematical analysis of stem growth for seedlings expressing wild-type phyB or thermally
stable variants under various combinations of light and temperature revealed that phyB is
physiologically responsive to both signals.We therefore propose that in addition to its
photoreceptor functions, phyB is a temperature sensor in plants.

P
lants have the capacity to adjust their growth
and development in response to light and
temperature cues (1). Temperature-sensing
helps plants determine when to germinate,
adjust their body plan to protect themselves

from adverse temperatures, and flower. Warm

temperatures as well as reduced light resulting
from vegetative shade promote stem growth, en-
abling seedlings to avoid heat stress and canopy
shade from neighboring plants. Whereas light
perception is driven by a collection of identified
photoreceptors—including the red/far-red light-
absorbing phytochromes; the blue/ultraviolet-A
(UV-A) light–absorbing cryptochromes, photo-
tropins, andmembers of the Zeitlupe family; and
the UV-B–absorbing UVR8 (2)—temperature
sensors remain to be established (3). Finding
the identity (or identities) of temperature sensors
would be of particular relevance in the context of
climate change (4).
PhytochromeB (phyB) is themainphotoreceptor

controlling growth in Arabidopsis seedlings ex-
posed to different shade conditions (5). Like others
in the phytochrome family, phyB is a homodi-
meric chromoprotein,with each subunit harboring
a covalently bound phytochromobilin chromo-
phore. phyB exists in two photo-interconvertible
forms: a red light–absorbing Pr state that is bio-

logically inactive and a far-red light–absorbing
Pfr state that is biologically active (6, 7). Whereas
Pr arises upon assemblywith the bilin, formation
of Pfr requires light, and its levels are strongly
influenced by the red/far-red light ratio. Conse-
quently, because red light is absorbed by photo-
synthetic pigments, shade light from neighboring
vegetation has a strong impact on Pfr levels by
reducing this ratio (8). phyB Pfr also spontaneously
reverts back to Pr in a light-independent re-
action called thermal reversion (9–11). Tradi-
tionally, thermal reversion was assumed to be
too slow relative to the light reactions to affect
the Pfr status of phyB, even under moderate ir-
radiances found in natural environments, but
two observations contradict this view. First, the
formation of phyB nuclear bodies, which reflects
the status of Pfr, is affected by light up to ir-
radiances much higher than expected if thermal
reversion were slow (12). Second, it is now clear
that thermal reversion occurs in two steps. Al-
though the first step, from the Pfr:Pfr homo-
dimer (D2) to the Pfr:Pr heterodimer (D1), is
slow (kr2), the second step, from the Pfr:Pr het-
erodimer to the Pr:Pr homodimer (D0), is almost
two orders of magnitude faster (kr1) (Fig. 1A) (11).
Physiologically relevant temperatures could

change the magnitude of kr1 and consequently
affect Pfr and D2 levels, even under illumination
(Fig. 1A). To test this hypothesis, we used in vitro
and in vivo spectroscopy and analysis of phyB
nuclear bodies by means of confocal microscopy.
For the first of these approaches, we produced
recombinant full-length phyB bearing its phyto-
chromobilin chromophore.When irradiated under
continuous red light, the in vitro absorbance at
725 nm reached lower values at higher temper-
atures, which is indicative of reduced steady-state
levels of Pfr (Fig. 1, B and C). We calculated the
differences between the steady-state absorb-
ance spectra in darkness and continuous red light
(D absorbance). The amplitude between the max-
imumandminimumpeaks ofD absorbance,which
represents the amount of Pfr, strongly decreased
between 10 and 30°C (Fig. 1, D and E). This char-
acteristic of phyB differs from the typical behavior
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The sacral autonomic outflow is sympathetic

 
Editor's Summary

 
 
 

, this issue p. 893; see also p. 833Science
developing treatments targeted to the pelvic autonomic nervous system.
confusion about how the two systems developed and open the avenue to more predictable outcomes in 
parasympathetic, these neurons are now identified as sympathetic. The results resolve a persistent
autonomic nervous system (see the Perspective by Adameyko). Previously categorized as 

 used anatomical and molecular analyses to reevaluate the assignment of neurons in the sacralet al.
Espinosa-Medinaparasympathetic and sympathetic arms of this system tend to operate antagonistically. 

The autonomic nervous system regulates the function of internal organs such as the gut. The
Sacral neurons reassigned
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