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type of tumour called aneuroblastoma using
the zebrafish as amodel organism?®.

Comparative analysis of sympathetic neu-
ron activity in response to different stim-
ulation settings has firmly established the
existence of sympathetic pathways that are
specific to different tissues in different organs
of the body and the differential control of
activity outflow to diverse targets'. Devel-
opmental studies and single-cell analyses of
geneexpressioninmice haveidentified arange
of sympathetic neuron populations that are
associated with distinct cardiovascular, ther-
moregulatory and maternal functions. These
have different gene-expression patterns and
distinct requirements for growth-factor pro-
teins during development?®.

Edens and colleagues’ observation of the
co-expression of the gene encoding tyrosine
hydroxylase and the gene encoding the neu-
ropeptide NPY in sea lamprey sympathetic
neurons provides evidence for the existence
of a neuron population that is comparable
with that of an abundant noradrenergic pop-
ulationinmice, called NA3. This populationis
characterized by NPY expression that is rep-
resentative of vasoconstrictor neurons that
regulate blood-vessel diameter and resistance.
The authors’ discoveries point to a remark-
able diversification of sympathetic neuron
populations among vertebrate classes and
species. The findings also prompt questions
about the selective pressures and genomic
mechanisms that underlie this evolutionary
outcome across the tree of life, such as those
thatlead tothe crucialinvolvement of the sym-
pathetic nervous systemin thermoregulation
inbirds and mammals.

One key unanswered question in the cur-
rent study is whether the neurons with key
noradrenergic sympathetic features are con-
nected to the central nervous system through
neurons known as preganglionic sympathetic
neurons, as is the case for jawed vertebrates.
The anatomical targets of the sympathetic
neuronsinsealampreys and their role during
thelife cycle of the fish also remain tobe deter-
mined. In the context of development, it will
beinteresting to establish how the late acqui-
sition of neuronal characteristics and prolifer-
ative activity in neural-crest-derived cells are
regulated. This study underscores questions
of how transcriptional circuits that are specific
toautonomic neuronsare established earlyin
vertebrate development, how sympathetic
circuitry became organized during vertebrate
evolution, and how this circuitry might adapt
tothe physiological, in particular thermoreg-
ulatory, challenges that animals will face as a
result of achanging climate in the future.
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Umbrella toxinsjointhe
bacterial arsenal

Sarah J. Coulthurst

Bacteria make protein toxins to compete with other bacteriain
microbial communities. A study of acommon soil bacterium
has revealed a previously unknown type of antibacterial toxin
that forms a striking umbrella-like structure. See p.165

Within mixed microbial communities, the
various bacterialmembers constantly interact
with each other, both cooperatively and com-
petitively. Aggressive competition between
bacteria can determine which species pros-
per ina community and is often mediated by
delivery of antibacterial protein toxins from
one bacterium to another’. On page 165,
Zhao et al.* describe a previously unknown
class of self-delivering antibacterial toxins
that form a distinctive umbrella-like structure
and that might be used by many bacteriain soil
and other ecosystems to block the growth of
their competitors. This discovery expands the
portfolio of mechanisms by which bacteria
kill or disable their rivals and offers exciting
potential for future exploitation.

Bacteria can use a variety of approaches to
harmtheir competitors. These include the pro-
duction of diffusible antibiotics and protein
toxins, and the direct injection of toxins into
neighbouring cells in a contact-dependent
manner’. Competition is intense in environ-
ments in which the microbial community is
dense and complex, suchas soil and the human
gut,andis often fiercest betweenrelated bac-
teria that have similar needs’.

Many protein toxins involved in
interbacterial competition are known as pol-
ymorphic toxins, to reflect the existence of
multiple versions of the same protein. Poly-
morphictoxinsarelarge modular proteins that
contain varied, exchangeable toxin domains
joined tocommon domains that are required
for delivery of the toxin domain from the pro-
ducer into the recipient ‘target’ bacterium®.

Interestingly, many of these toxin domains
are found in different polymorphic toxins with
unrelated delivery mechanisms. Building on

earlier work that used this observationto gen-
eratealarge dataset of predicted polymorphic
toxins®, Zhao and colleagues selected candi-
date toxins toinvestigate and chose examples
that are found in the ubiquitous soil bacteria
Streptomyces. These were of particular inter-
est because although Streptomyces existin a
competitive soil environment and produce
numerous small antimicrobial molecules®,
they had not been previously reported to use
polymorphic proteintoxins for interbacterial
competition.

The authors studied three of the candidate
toxins, UmbC1, UmbC2 and UmbC3, in the
modelbacteriumStreptomyces coelicolor.Each
UmbC protein hasapredicted toxin domain at
oneend and interacts with two other proteins
—aspecificUmbA and UmbB proteinencoded
in the same set of genes — to form a protein
complex. Three additional UmbA proteins can
associate with any of the UmbC-containing
assemblies. Structural analysis revealed that
Umb complexes form large particles (Fig. 1)
with an unusual umbrella-like shape that has
not been reported before — hence the name
umbrella toxins.

In each toxin-containing particle, UmbC
forms a lollipop shape, comprising a ring
joined to a long stalk with the toxin domain
at the end of the stalk away from the ring.
Five ‘spokes’ extend out from the ring, each
containing UmbB and then UmbA, although
it was not possible for the authors to deter-
mine which ofthe four possible UmbA proteins
was present in which spoke or spokes. Inter-
estingly, each UmbA protein contains a dif-
ferent predicted lectindomain thatformsthe
exposed tip of the spoke. Giventhat functional
lectindomains bind to specific carbohydrates,
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Figure1|Streptomycesbacteria produce umbrella toxins to inhibit the
growth of their competitors. Streptomyces are soil-dwelling bacteria that
occupy dense microbial communities and grow in networks of branching
filaments called a vegetative mycelium. Zhao et al.? report that Streptomyces
and related bacteria produce a previously unknown class of antibacterial
toxin, called an umbrella toxin. a, One species of Streptomyces (grey) can
target another species of Streptomyces (beige) by releasing a version of these
antibacterial agents. Umbrella toxins contain a central lollipop-shaped UmbC
protein, which carries the toxin domain, and five ‘spokes’ formed by UmbB

it is probable that interaction between the
UmbA lectin domain and carbohydrate on the
surface of target cells enables the umbrella
toxin to dock onto and recognize target cells
that display the required carbohydrate.

Umb particles secreted by S. coelicolor
were collected by Zhao and colleagues and
administered to a range of bacterial species.
The particles inhibited growth, but only for
certain species of Streptomyces and other
bacteria in the same grouping (Actinobac-
teria) as that of Streptomyces. This evidence
indicates that Umb toxins do not need to be
injected by the producing cell to cause harm
to recipient cells, but can reach suscepti-
ble bacteria once they are released into the
external environment. Further examination
revealed that the toxin particles studied inhibit
aparticular part of the Streptomyceslife cycle
— growth in a branching filamentous form
known as a vegetative mycelium.

The three UmbC toxin domains were each
confirmed to have antibacterial activity. One
modifies DNA and two are previously unknown
toxins that are predicted to compromise the
cellwall or the membrane of targeted cells. The
authors identified genes encoding umbrella
toxinsin 875 species of Actinobacteria, which
suggests that Umb-mediated competitionin
this group (which includes soil bacteria and
bacteria that cause human disease®) is wide-
spread. The potential diversity of these toxins
is striking, with 77 distinct toxin domains for
UmbC proteins and at least 20 distinct lectin
domains for UmbA proteins.
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class of antibacterial toxin-delivery system
is exciting because it expands our knowledge
of howtoincapacitate bacterial cellsand how
competitive interactions contribute to micro-
bial ecology. Umbrella toxins are particularly
interesting because of anumber of unique fea-
tures, including the distinctive structure of
the Umb particles, the probable use of specific
carbohydrates on target cells for toxin dock-
ing, and the ability of the toxins to mediate
competition between Actinobacteria.
Looking to future experiments, theideathat
UmbA lectins mediate species-specific docking
of Umb particlesremains to be proved, and the
molecules that are recognized on target-cell
surfaces still need to be identified. Perhaps
theincorporation of different UmbA proteins
that recognize different surface motifs into
all or selected Umb particles will increase the
number of species that are susceptible, or
prevent resistance to the toxin if target cells
lose one motif. Once the particle is docked, it
is unknown how the toxin domains reach their
ultimate destinationinside the targeted cells.
Afinalintriguing question is whether Umb
particles are always antibacterial toxins. Most
sets of umb genes also encode a predicted
immunity protein, which would protect the
producer against its own UmbC toxin, but
some sets do not encode such a protein.
This lack of an immunity protein might sim-
ply reflect a failure to identify the gene, but
might imply that some Umb particles have
non-bacterial targets (such as animals, plants
or fungi) or are used for interbacterial commu-
nication rather than for causing harm.
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and UmbA proteins. Several UmbA proteins that contain domains called lectin
domains are incorporated in the same umbrella toxin (different blue shading
indicates different lectin domains). These lectin domains probably enable the
umbrella toxin to dock onto susceptible bacteria by binding to specific cell-
surface carbohydrates. The antibacterial toxin domain of UmbC varies between
umbrella toxins. The stalk of UmbC might protrude through the outer layers

of the cell to deliver the toxin domain to the cell wall or membrane. How the
toxin crosses the cell membrane to act inside the cell is currently unclear. b, The
umbrella toxin inhibits growth of the competitor species.

Umbrella toxins could potentially be devel-
oped for use as tailored antimicrobials —
human or plant pathogens could be treated
with purified Umb particles or Umb-secreting
‘biocontrol’ bacteria. It might even be possible
toengineer designer Umb toxins torecognize
and kill particular pathogens by incorporat-
ing specific lectin domains in the constituent
UmbA proteins and a suitable toxin in UmbC.
This would be similar to the approach of
engineering secreted bacterial ‘syringes’ into
designer protein-delivery vehicles’. More
broadly, the discovery of umbrella toxins sup-
portstheideathat there are more antibacterial
toxinsystemstobe found. Suchdiscoveries will
inturncreate further opportunitiesto develop
antimicrobial strategies and offer newinsights
into how microorganisms compete.
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