system, how long they linger if no rhythmic
input follows, and other experimental
parameters that might have been critical
for the observed results (such as binaural
noise) remain unknown, opening up
exciting questions for future studies.
These studies also need to clarify how
much the observed alternation between
ears (Figure 1B) [10] depends on the
specific experimental protocol.
Participants knew that targets would
either appear in one ear or the other (but
not in both). This is unlikely to happen in a
more natural scenario, in which sounds in
the two ears often differ in their intensity
(inter-aural level difference), but only
marginally in their timing (inter-aural time
difference). It needs to be tested whether a
similar sampling mechanism, alternating
between the two ears, exists during
binaural input. Modelling studies might be
able to reveal whether such a mechanism
is advantageous as compared to an in-
phase sampling of both ears.

What exactly happens during phases of
reduced sensory processing, when brain
resources might be needed for other
purposes? Where in the brain are different
phases of the oscillatory cycle
coordinated, and adjusted to both internal
and external events? Although the answer
to these questions is largely unknown, it
has been suggested that phases of higher
visual sensitivity alternate with phases of
active exploration (for example, via
saccades), controlled by fronto-parietal
networks [3]. In the auditory system,
equivalent phases of exploration, and the
conductor of the oscillatory symphony,
remain to be identified. Fully
understanding the oscillatory cycle and
the underlying neural circuits might be the
key to understand how the brain can
coordinate and optimize a complex
pattern of interacting neural processes
with such an apparent ease.
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Creating microbial consortia capable of consistently producing desired
qualities requires a detailed understanding of community interactions.
A new paper demonstrates the role of historical contingency in
Arabidopsis thaliana leaf-microbiome formation using an adaptable

experimental
organisms.

Over the last decade, emerging
sequencing technologies have been used
with great success to reveal the microbial
components of diverse hosts and
environments. To predictably recreate
and harness microbial communities,
however, it is critical not only to identify
the players involved, but also to define the
rules of community assembly. The plant

R1320 Current Biology 29, R1301-R1325, December 16, 2019 © 2019 Elsevier Ltd.

approach, which could be applied to other host

Arabidopsis thaliana is uniquely suited as
a model in which to dissect the
determinants of microbiome formation
due to the extensive availability of host
genetic resources and the high
culturability of its microbiota in both
above- and below-ground tissues — the
phyllosphere and rhizosphere,
respectively [1,2]. Constructing synthetic
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communities of cultured representatives
of the microbiota is a useful approach to
test the relevance of variables that
modulate the A. thaliana microbiome.
Whereas larger synthetic communities
are predicted to capture a more robust
representation of the genetic diversity,
and therefore the potential functions, of a
plant microbiome assembled in nature,
smaller communities are more easily
manipulated to reveal the importance of
each member. For example, larger
synthetic communities of 36-38 bacterial
members were used to demonstrate the
role of plant-root phosphate stress
response and salicylic acid production in
microbial community assembly [3,4];
however, these studies did not examine
the impacts of individual strains and so
the individual contributions of each
member are unknown. In contrast, an
eight-member bacterial synthetic
community in Zea mays roots was used to
reveal the influence of each organism on
the overall bacterial community
composition by methodically removing
one member at a time [5]. The latter
approach can be quite powerful, as it can
identify keystone species — organisms
whose presence is required to preserve
the overall community structure [6]. A new
study by Carlstrédm et al. [7] published in
Nature Ecology and Evolution moves the
field significantly forward by using a large
synthetic community comprised of 62
isolates and investigating class-level
drop-out communities, as well as single-
strain dropouts and community invasion.
This ambitious experimental design
allows for a more complete understanding
of how microbes colonize in relation to
each other from a high phylogenetic level
to an individual strain perspective during
phyllosphere colonization.

By examining variable community
assembly with reversed serial-
inoculation orders Carlstrém et al. [7]
were able to disentangle phyllosphere
establishment from member
persistence. Although the surrounding
soil appears to be the major source of
inoculum for rhizosphere and internal-
root microbiotas, evidence suggests that
the phyllosphere also possesses a
consistent source of microbes, as
microbial recolonization can be
observed across generations of
A. thaliana plants [8]. The three most
commonly proposed sources for the
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Figure 1. Robust phyllosphere assembly from a synthetic community of 62 bacterial strains.
The assembled phyllosphere community is largely unchanged except when Proteobacteria, specifically
Alphaproteobacteria, are omitted from the initial inoculum (left side). The omission of Beta- or
Gammaproteobacteria from the inoculum resulted in a remarkably similar assembled phyllosphere
community. Individual strain omissions were used to determine the members of each bacterial class
whose abundance was linked to the remaining synthetic community members. When these strains are
later inoculated they are able to effectively invade the established community (right side). Among the
bacterial classes, Alphaproteobacteria (dark green) were more successful in invading an established

community.

phyllosphere inoculum are soil, air, and
seeds, with the soil and seeds
appearing to be the most frequently
utilized [9-11]. Once colonized, however,
microbial persistence in the microbiome
is still understudied [12]. The
experiments presented by Carlstrom

et al. — using versions of their synthetic
community that omit bacterial classes or
individual strains — support the theory
that the initial colonizers of the plant
microbiome continue to persist [7]
throughout its subsequent maturation. In
their experiments, the authors omitted

entire classes of Proteobacteria (for
example, Alpha-, Beta-, or
Gammaproteobacteria) and allowed the
rest of the community to assemble, then
added the omitted group back to the
community three weeks later. They
observed that once the initial community
was established, community
composition was not significantly altered
by later introductions with the exception
of the Alphaproteobacteria (Figure 1).
Although some late additions are
capable of invading the microbial
community, their presence does not
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alter the structure of the established
community. These results suggest that
the founding members in early plant
developmental stages have a large
influence in determining the microbiome
of the plant over time, confirming
predictions made by A. thaliana
greenhouse studies [13].

The use of drop-out communities in
which entire bacterial classes, as well as
single strains within those
Proteobacteria classes, were omitted
allowed Carlstréom et al. [7] to reveal
novel roles that microbes play to impact
each other during community formation.
For example, they investigated how 25
of the 62 members of the synthetic
community impacted the abundance of
every other strain. 80% of the single-
strain dropouts influenced the
abundance of another community
member, but in the add-back
experiments, only 48% of the
established community members were
impacted by invading microbes. For the
most part, the community members that
were impacted by single-strain dropouts
were only impacted either positively
(27% of synthetic community members)
or negatively (17% of synthetic
community members). The one
exception to these results, an
Arthobacter strain, responded positively
to one invading microbe, whereas all
other interactions were negative. The
reasons for this result require further
study; however, the authors hypothesize
that established microbiome members
are resilient based on the niche they
occupy due to critical resource usage.
Keystone species, which they define
here as “organisms who have a
reproducible, significant impact on the
community” were identified using this
approach and were not influenced by
any of the drop-out strains, further
expanding our understanding of how
microbes come to dominate
communities.

The single-strain drop-out data also
enabled Carlstrom et al. to generate a
network to examine specific microbe—
microbe interactions for the invading
microbes. Of those interactions,
approximately 75% were negative. This
paints a picture of an intricate web of
strain-specific interactions, which appear
to be more supported by competition than
collaboration, although a prior study

reported positive correlations between
plant-colonizing microbes within the
same kingdom [14]. One hypothesis is
that the microbial community members
compete heavily for resources, with
microbes that colonize generally
overlapping for nutrients. The resources
being competed for within the
phyllosphere are not static and change
with plant age, pathogen presence,
temperature, and light [14-17]. The ability
to examine the spatial location of
microbial colonizers within the plant,
along with micronutrient distribution,
would help to explain the patterns
observed in the new study.

Moving forward, the introduction of
invading strains to newly formed
environmental plant-microbe
communities, such as those found in
and on germinating seeds, may prove
useful in field applications. For example,
if early colonization events drive the
microbial community, as Carlstrom
et al.’s data suggest, then seed
inoculation would have better success
than inoculation of older plants.
Although A. thaliana does not harbor
seed endophytes, many other plants do,
and it serves to reason that the seed
endophytes are likely important
reservoirs for the plant microbiome, as
these organisms have earliest access to
plant tissue. Therefore, it is critical to
improve our understanding of seed
endophytes in natural settings. The
study presented by Carlstrom et al. also
illustrates the predictive potential of a
microbial community, as the clear
patterns between the single-strain
dropouts and microbe-microbe
interactions showed consistent
interactions. It further supports the idea
that the members of a plant microbiome
act in a predictable fashion that can be
harnessed, as has been demonstrated
previously in A. thaliana roots [18].
Expansion of this experimental
approach to include other microbiota
members, such as fungi, would provide
a more complete view of the importance
of early colonization patterns. The
patterns observed in this new work
provide ample ideas for future
experiments in niche colonization of
other host plants and could help with
the generation of consistent and
long-lasting microbial communities in
agricultural settings.

R1322 Current Biology 29, R1301-R1325, December 16, 2019

Current Biology

REFERENCES

1. Bai, Y., Muller, D.B., Srinivas, G., Garrido-
Oter, R., Potthoff, E., Rott, M., Dombrowski,
N., Munch, P.C., Spaepen, S., Remus-
Emsermann, M., et al. (2015). Functional
overlap of the Arabidopsis leaf and root
microbiota. Nature 528, 364-369.

2. Bodenhausen, N., Bortfeld-Miller, M.,
Ackermann, M., and Vorholt, J.A. (2014).
A synthetic community approach
reveals plant genotypes affecting the
phyllosphere microbiota. PLoS Genet. 10,
e1004283.

3. Castrillo, G., Teixeira, P.J.P.L., Paredes,
S.H., Law, T.F., de Lorenzo, L., Feltcher,
M.E., Finkel, O.M., Breakfield, N.W.,
Mieczkowski, P., Jones, C.D., et al. (2017).
Root microbiota drive direct integration of
phosphate stress and immunity. Nature 543,
513-518.

4. Lebeis, S.L., Paredes, S.H., Lundberg, D.S.,
Breakfield, N., Gehring, J., McDonald, M.,
Malfatti, S., Glavina del Rio, T., Jones, C.D.,
Tringe, S.G., and Dangl, J.L. (2015). Salicylic
acid modulates colonization of the root
microbiome by specific bacterial taxa. Science
349, 860-864.

5. Niu, B., Paulson, J.N., Zheng, X., and Kolter, R.
(2017). Simplified and representative bacterial
community of maize roots. Proc. Natl. Acad.
Sci. USA 114, E2450-E2459.

6. Cottee-Jones, H.E.W., and Whittaker, R.J.
(2012). The keystone species concept: a
critical appraisal. Front. Biogeog. 4,
117-127.

7. Carlstrom, C.l., Field, C.M., Bortfeld-Miller,
M., Mdiller, B., Sunagawa, S., and Vorholt,
J.A. (2019). Synthetic microbiota reveal
priority effects and keystone strains in the
Arabidopsis phyllosphere. Nat. Ecol. Evol. 3,
1445-1454.

8. Knief, C., Ramette, A., Frances, L., Alonso-
Blanco, C., and Vorholt, J.A. (2010). Site and
plant species are important determinants of
the Methylobacterium community
composition in the plant phyllosphere. ISME J.
4,719-728.

9. Vorholt, J.A. (2012). Microbial life in the
phyllosphere. Nat. Rev. Microbiol. 70,
828-840.

10. Lymperopoulou, D.S., Adams, R.l., and
Lindow, S.E. (2016). Contribution of vegetation
to the microbial composition of nearby outdoor
air. Appl. Environ. Microbiol. 82, 3822-3833.

11. Liu, H., Carvalhais, L.C., Crawford, M., Singh,
E., Dennis, P.G., Pieterse, C.M.J., and Schenk,
P.M. (2017). Inner plant values: diversity,
colonization and benefits from endophytic
bacteria. Front. Microbiol. 8, 2552.

12. de Moraes, M.H., Desai, P., Porwollik, S.,
Canals, R., Perez, D.R., Chu, W.,
McClelland, M., and Teplitski, M. (2017).
Salmonella persistence in tomatoes requires
a distinct set of metabolic functions
identified by transposon insertion
sequencing. Appl. Environ. Microbiol. 83,
e03028-16.


http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref1
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref2
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref3
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref4
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref5
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref5
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref5
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref5
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref6
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref6
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref6
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref6
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref7
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref8
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref9
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref9
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref9
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref10
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref10
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref10
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref10
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref11
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref11
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref11
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref11
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref11
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12
http://refhub.elsevier.com/S0960-9822(19)31439-3/sref12

Current Biology

13. Maignien, L., DeForce, E.A., Chafee, M.E.,
Eren, A.M., and Simmons, S.L. (2014).
Ecological succession and stochastic variation
in the assembly of A. thaliana phyllosphere
communities. mBio 5, e00682-13.

14. Agler, M.T., Ruhe, J., Kroll, S., Morhenn, C.,
Kim, S.-T., Weigel, D., and Kemen, E. (2016).
Microbial hub taxa link host and abiotic factors
to plant microbiome variation. PLoS Biol. 714,
e€1002352.

15. Zhalnina, K., Louie, K.B., Hao, Z., Mansoori,
N., da Rocha, U.N., Shi, S., Cho, H., Karaoz,

U., Loqué, D., Bowen, B.P., et al. (2018).
Dynamic root exudate chemistry and
microbial substrate preferences drive
patterns in rhizosphere microbial
community assembly. Nat. Microbiol. 3,
470-480.

16. Yuan, J., Zhao, J., Wen, T., Zhao, M., Li, R.,
Goossens, P., Huang, Q., Bai, Y., Vivanco,
J.M., Kowalchuk, G.A., et al. (2018). Root
exudates drive the soil-borne legacy of
aboveground pathogen infection. Microbiome
6, 156.

17. Bringel, F., and Couee, |. (2015). Pivotal roles
of phyllosphere microorganisms at the
interface between plant functioning and
atmospheric trace gas dynamics. Front.
Microbiol. 6, 486.

18. Herrera Paredes, S., Gao, T., Law, T.F,,
Finkel, O.M., Mucyn, T., Teixeira, P.J.P.L.,
Salas Gonzalez, |., Feltcher, M.E., Powers,
M.J., Shank, E.A., et al. (2018). Design of
synthetic bacterial communities for
predictable plant phenotypes. PLoS Biol. 76,
€2003962.

Metabolism: A Burning Opioid Issue in Obesity

Therapeutics

Jonatas da Silva Catarino and Tamas L. Horvath*
Program in Integrative Cell Signaling and Neurobiology of Metabolism, Department of Comparative Medicine, Yale University School of

Medicine, New Haven, CT 06520, USA
*Correspondence: tamas.horvath@yale.edu
https://doi.org/10.1016/j.cub.2019.10.055

Food restriction triggers a lowering in body temperature. A new study now provides a mechanism for this
process that relies on opioid signaling in the hypothalamus. These observations suggest potential new

therapeutics for obesity.

Almost everybody who is overweight or
obese has tried various diets to attempt to
lose weight. Indeed, there is a clear
correlation between eating less and losing
weight. Besides the many pitfalls of
various diets, our body also has an
‘unfortunate’ adaptation to decreased
food intake, which is decreasing energy
expenditure. The most effective way to
decrease energy expenditure when there
is no sufficient fuel uptake is to lower body
temperature. This adaptive response of
our body contributes to reaching a
plateau even if we stick to a diet, and
when that is combined with the various
shortcomings of dieting (e.g., getting
bored of eating the same foods, etc.) most
people quit and rapidly regain the lost
weight. If there was a way to prevent body
temperature decline during dieting, a
much more effective and sustainable
weight loss could be accomplished. This
very question was addressed by a paper
published in this issue of Current Biology
by Cintron-Colon et al. [1].

The hypothalamus is a critical part of
the brain in the control of body
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temperature. This area controls
sympathetic outflows affecting vascular
constriction and brown adipose tissue-
related heat production as well as
shivering thermogenesis [2]. This
central ‘sensor’ receives inputs from
the periphery and visceral
thermoreceptors. Nociceptors convey
the cool and warm signals to primary
neurons located in dorsal root ganglia,
which will transmit the information to
second-order sensory neurons in the
dorsal horn of the spinal cord. The
cold and warm signals from dorsal
horn eventually reach the preoptic area
of the hypothalamus. The preoptic area
contains microcircuits that integrate
the inputs coming from the periphery
and coordinates the appropriate
thermoregulatory response to control
vascular constriction, shivering, and
brown adipose tissue thermogenesis
[3,4]. In addition to receiving
information on ambient temperature,
the preoptic area also receives signals
from brain regions that can sense
nutrients. These include the arcuate

nucleus of the hypothalamus and the
parabrachial nucleus [5].

Despite the wealth of information on
central thermoregulation, the circuits
responsible for food restriction-related
decrease in core body temperature/
energy expenditure are still not well
defined. The paper by Cintron-Colon et al.
provides a feasible mechanism for this
interplay whereby dynorphin-producing
neurons in the arcuate nucleus and the
parabrachial nucleus modulate core body
temperature during food restriction via k-
opioid receptor in the preoptic area of the
hypothalamus [1] (Figure 1).

The opioid system of the brain is
involved with systemic metabolism [6].
Three major classes of opioid receptors
are expressed throughout the brain,
peripheral nervous system and immune
system: y, 3, and k-opioid receptors [7]. In
their paper, Cintron-Colon et al. showed
that animals exposed to caloric restriction
presented a remarkable decrease in body
temperature starting hours after the last
meal and exhibited a 19% decrease in
body weight. They also found that these
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