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2004 paper has had in condensed-matter
physics and materials engineering. One easy
metricis thatithas more than 50,000 citations
inthe Web of Science database, making it one
ofthe most cited physics papersin history, and
reflecting the thousands of groups around the
world that have embarked on 2D-materials
research. These researchers include not
only physicists, but also chemists, materials
scientists, electrical engineers — and even
physicians. What's the reason for this extraor-
dinary interest? Part of it is that graphene’s
propertiesinclude many superlatives:itisthe
strongest and thinnest material, and the best
conductor of heat and electricity. It’s also not
the only 2D material, which means that vastly
differentlines of research canallbe traced back
to Novoselov and colleagues’ initial result.

The family of 2D materials now includes
insulators, semiconductors, crystalline mag-
nets, crystalline ferroelectrics (ferroelectrics
are materials that show spontaneous electric
polarization), superconductors (materials
that have zero electrical resistance) — the list
goes on. In many instances, the behaviour of
these 2D crystals differs substantially from
that of their 3D counterparts, and they are
often much more easily ‘tuned’ (for example,
by varying the number of layers or the density
of charge carriers). As aresult, researchers
have predicted many potential scientific
and technological applications of these 2D
materials, some of which are beginning to be
realized: ultrasensitive chemical and biolog-
ical sensors and infrared cameras are among
thefirstinline.

Another key aspect of 2D materials is that
they can be stacked on top of each other to
create ‘heterostructures”, which are similar
in some ways to structures built from chil-
dren’s Lego bricks. But Lego pieces have to
be stacked in alignment or at right angles to
each other, whereas 2D materials have no
suchrestriction: they can be stacked with an
arbitrary twist angle between their crystal lat-
tices. And these twisted heterostructures have
properties that can vary considerably from
those of their constituent layers (Fig. 1b). For
example, atwist angle of around 1 degree can
turnstacked sheets of graphene (whichis nei-
ther aninsulator nor a superconductor) into
a heterostructure that shows both insulating
and superconducting behaviours, as a result
of interactions between its electrons’®.

This field is often referred to as twistronics
(or moiré quantum matter, because the super-
position of the two crystal lattices forms a
pattern of interference known as a moiré lat-
tice) and it hasbecome one of the most active
areas of 2D materials research’. Remarkably,
over the past six years, twistronics research-
ers have been able to realize nearly all the
known phases of quantum matter, often with
unconventional features. They have even
discovered entirely new quantum phases
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and effects, including a phenomenon known
as the fractional quantum anomalous Hall
effect, which was realized in twisted moiré
heterostructures last year'® 2,

The journey that started 20 years ago is
far from over, and research on 2D materials
continues to grow. Researchers studying
these materials are making key discoveries
about fundamental physics at a phenomenal
rate, which is cause for genuine optimism.
For example, chirality, or ‘handedness’, is a
property that not only affects the behaviour
of many physical systems, but also has cru-
cial roles in chemistry and biology, and this
property canbe explored and carefully tuned
in twisted heterostructures®,

On the technological front, there are also
reasons to be optimistic, albeit cautiously.
Techniques for growing large, high-quality
swathes of graphene and other 2D materials
are improving rapidly, and engineers are
increasingly opentotheideaofincorporating
these materials into platforms for fabricating
devices. However, the quality of 2D samples
must be increased still further, especially for
materials other than graphene, and methods
for fabricating miniature heterostructures
witharbitrary twist angles must be automated.

Ecology

Suchefforts will require substantial resources
and the full ingenuity of physicists, chem-
ists and engineers. But the pay-off could be
huge and might pave the way for an entire
generation of nanotechnologies in the
decades to come.
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Global conservationgoals
forisland plant diversity

Thomas J. Givnish

How much of Earth’s plant diversity is distributed across
islands, and how might this affect conservation efforts? It
emerges thatislands contain a disproportionately large share
of global plant diversity and endangered species. See p.868

Islands provide homes for a wide variety of
plantspecies, including some thatare at risk of
extinction. On page 868, Schrader et al.' pres-
ent a catalogue of the plant species found on
islands around the world. These datashed light
on plant evolution and have implications for
global conservation.

Oceanic islands have long had an outsized
influence on our understanding of the biologi-
calworld. Variationin the finches and tortoises
of the Galapagos Islands inspired Charles
Darwin to develop the theory of evolution by
natural selection. Global patterns in the num-
bers of bird species on islands of different
areasand distances from continents led Robert
MacArthur and E. O. Wilson to develop their
theory of island biogeography. This theory
accounts for variation in species diversity by
setting out how island size and distance from

source areas affect the rates of local species
extinction and colonization. It also laid the
foundation for many advances in ecology, evo-
lutionary biology and conservation biology>.

Studies of the drivers of species number
and functional diversity on islands have
provided profound insights into the roles
of dispersal, competition, adaptive radia-
tion (ecological divergence among species
derived from acommon ancestor), reproduc-
tive strategies, speciation (the emergence of
new species from ancestral colonists) and
local extinction. Such work has also revealed
how island-dwelling organisms — shaped by
isolation and the resulting absence of many
competitors, predators and other natural
enemies; constrained by the small size of their
island homes; and often occurring nowhere
else inthe world — are especially threatened
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by habitat destructionand theintroduction of
non-native species®”. Schrader and colleagues
shed light on how plant diversity is distributed
across islands on Earth and what that means
for global conservation efforts.

The authors provide a checklist that is the
first comprehensive tally of vascular plant spe-
cies (those that transport water intheir tissues,
such as flowering plants, gymnosperms and
ferns) native to individual islands and archi-
pelagos around the world. The authors also
mapped geographical distributions, compiled
data on the placement of each species in the
evolutionary tree of life and assessed extinc-
tionrisk on the basis of the Red List of Threat-
ened Species from the International Union for
Conservation of Nature. Remarkably, 31% of
allvascular plant species are native toislands,
eventhoughislandsrepresent only about 5% of
global land area; 21% of all vascular plants are
island endemics, meaning that they are found
naturally only onislands. Of the 63,280 species
thatareisland endemics, 70% are single-island
endemics.

Most island endemics are native to a few
large islands in the tropics. These islands
are diverse because they retained some of
the lineages of species found on the ancient
Gondwanan supercontinent as the islands
‘rafted’ away through movements of tectonic
plates (places such as Madagascar, New Zea-
land and New Caledonia), or are land-bridge
islands that were previously connected to
today’s continents when glaciers lowered sea
levels (New Guinea, Borneo, possibly Cuba).
They are also diverse interms of physical land-
scape (topography), soils, and thus habitats,
and because their tropical position protected
them from being overrun by ice sheets.

These tropical islands also have a high
proportion of species that are endemic to
them alone. Larger populations on larger
islands should be more likely to survive than
smaller populations on smaller islands, and
thus to persist for long enough to diverge from
the original colonists (with nolocal multiplica-
tion of species) or to spin off one or more new
species. Speciation on larger islands should
also be more likely than on smaller islands,
given the wider range of habitats and barri-
erstodispersal, suchas mountains or deserts.

Island isolation should also increase the
proportion of endemism by reducing gene
flow from ancestral populations and com-
petition from new colonists, both of which
could thwart the survival of existing species
and their subsequent speciation. Globally,
Schrader et al. find that 74% of the variation
inthe proportion of plant species endemic to
individual islands can be explained by island
(or archipelago) area and isolation, with 55%
explained by island area alone. Islands at high
latitudes that were glaciated over the past few
thousandyears (suchas EllesmereIsland, part
of Canada) are especially poorinboth species

Figure 1| Cyanea shipmanii. This rare plant species is found only in a small area of the island of Hawaii, and
isamember of the largest plant genus that is naturally found only on the Hawaiian islands.

and percentage endemism. The same is true
for atolls atlow latitudes: those rings of islands
with low topographical relief have little hab-
itat diversity and are susceptible to flooding
whenoceanlevelsare high. They also have few
plant species® and a low share of species that
are endemic to individual atolls.

Schrader and colleagues report that
isolated archipelagos with high endemism
(such as Hawaii, the Canary Islands and the

“Oceanicislands havelong
had anoutsizedinfluence
onourunderstanding of the
biological world.”

Mascarenes) accounted for only 21% of all
island plant endemics. This is because they
have fewer species overall than do land-
bridge islands and archipelagos (such as the
Greater Sunda Islands), which were previ-
ously connected to continents during lower
ocean levels during glacial periods, or sites
associated with continental rafts, including
Madagascar. However, isolated archipela-
gos can support some highly diverse and
ecologically divergent radiations, such as
the Hawaiian lobeliads — the largest plant
grouping, called a clade, that is restricted to

any single oceanic island or archipelago® —
and they dosoonatiny proportionof Earth’s
surface. Many members of such radiations,
including the Hawaiian lobeliad Cyanea
shipmanii (Fig.1), are highly specialized and
initially had extremely limited distributions;
they have now become endangered through
habitat destruction and the introduction of
non-native animals and plants.

Endemism of individual species, or species
grouped by genus, is often greater at the scale
of archipelagos compared with islands. This
is probably because of the short distances
between islands in an archipelago and the
similar conditions that they share.

Ashaslongbeenknown, several plantfamilies
(such as the Asteraceae, Campanulaceae and
Orchidaceae — the daisies and their relatives,
bellflowers and orchids) excel at long-dis-
tance dispersal and are over-represented on
islands compared with the entire global flora.
Despite their dust-like seeds, orchid species
aregreatly under-represented on true oceanic
islands (active or extinct volcanoes with short,
above-water existences), probably because
their highly specialized pollinators or fungal
partners failed to co-disperse. Indeed, land-
bridge islands and continental rafts — which
guarantee co-dispersal — often support large
numbers of orchid species from such genera
as Bulbophyllum and Dendrobium’.
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Lineages of species with high seed dispersi-
bility should be over-represented among col-
onists, but lower dispersibility should lead to
greater genetic divergence among populations
of agivenspecies and subsequent speciation.
Plants that have fleshy fruits might have the
best of both worlds, combining high dispers-
ibility across water, for colonization, with low
dispersibility and high speciationratesif plants
switchtothe understorey layers of forests after
arrival, given that forest-interior birds that eat
fruits are often notoriously sedentary. In the
Hawaiian flora, many of the largest genera are
indeed fleshy-fruited plants of forest under-
storeys®, and several of the largest plant gen-
era of the Pacific Basin, such as Psychotria or
Melicope, share the same characteristics.

Island endemics, especially single-island
endemics, are at high risk of extinction, given
their small ranges and consequent vulnera-
bility to climate change, habitat destruction
and the introduction of non-native species.
Currently, 176 island endemics are considered
extinct. These comprise 55% of all extinct plant
species worldwide, highlighting the necessity
of targetingisland endemics for conservation.

Many large islands and archipelagos with
large numbers of species found nowhere else
onEarth have extremelylittleareasetasidein
biological reserves, and so should be high pri-
orities for future conservation efforts. Overall,
94% of island endemics are native to areas of
which less than 30% is protected. For some
regions, such as dry forests on Hawaii or the
Canary Islands, habitat destruction and the
prevalence of invasive speciesare sogreat asto
make conservation efforts highly challenging.
Thereisaparticularissue withinvasive grasses
thatusea C, photosynthetic pathway, because
they spread fires easily and catastrophically
convert habitats’.

Schrader et al. recommend that Indigenous
peoples, as the long-term guardians of island
biodiversity, be brought into conservation
design and management to protect plant
diversity and human cultural practices. Good
starts to such community-based approaches
include effortstorestore dry forest on Maui',
and toinventory and study rainforest diversity
on New Guinea".

The data provided by Schrader and
colleagues offer many avenues for future
research. One exciting possibility might be
toanalyse their datawith acreative approach
that used evolutionary trees (based on molec-
ular phylogenies) for several hundred species
ofisland birds to assess global patterns of bird
dispersal, speciation, extinction, endemism,
and speciesrichness as affected by island area
and isolation'. This could provide a frame-
work for validating the MacArthur and Wil-
sontheory ofisland biogeography applied to
island plants worldwide. That theory has been
used inmany contexts to design conservation
effortsinfragmented landscapes, and further
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insights could help to protect the large share of
global plant diversity found onislands.
Schrader and colleagues’ data might also be
used to assess theimportance of various plant
characteristics for diversification onislands,
and to evaluate the relative effects of island
age, geographical proximity and environmen-
tal similarity in shaping the native floras of
theworld’s oceanicislands and archipelagos.
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Anextraroleforglucosein

building bodies

Christian Schroéter

An unexpected link has been found between the metabolic
pathways that produce energy for embryo growth, and the
cellular signalling systems that regulate cell specialization and
movement during early development. See p.919

The transformation of a fertilized egg into
an embryo requires cell growth, division and
differentiation to create the diverse cell types
that make up a multicellular organism. The
conventional view is that the metabolic path-
ways that provide molecular building blocks
and energy for cell growth operate mostly
independently of the signalling systems that
orchestrate cell differentiation over time and
space. On page 919, Cao et al.' report a direct

“Co-opting existing
metabolic pathways might
havebeen easier than
evolving new mechanisms
fromscratch.”

connectionbetween these two facets, showing
how the flow of nutrients through a metabolic
pathway regulates cell-to-cell signalling in
early development.

Caoandcolleagues focused on therelation-
ship between cell signalling and metabolism
during gastrulation, the process in which a
tissue sheet made from cells of the same type
is transformed into a 3D rudimentary body
made of an array of specialized cell types.
Gastrulation involves the differentiation

and movement of cells in a precisely choreo-
graphedsequence, under the control of asmall
number of cell-to-cell signalling systems. One
of the most crucial signals for gastrulation
is transmitted by proteins called fibroblast
growth factors (FGFs). When FGF signalling
isgenetically or pharmacologically perturbed,
several specialized cell types do not differen-
tiate, and cells fail to migrate to their target
destinations.

FGFs cannot efficiently signal on their own.
Instead, they require proteoglycans — proteins
heavily decorated with sugars. Cells import
the sugar glucose for the process of glycoly-
sis, a central metabolic pathway for produc-
ing energy and chemical building blocks for
growth. By diverting some imported glucose
away fromglycolysis andinto another glucose
metabolism pathway called the hexosamine
biosynthetic pathway (HBP), cells can produce
precursor molecules for proteoglycansynthe-
sis. Althoughitis well established that proteo-
glycans are required for FGF signalling, it was
not known whether cells can regulate proteo-
glycansynthesis through glucose metabolism
as astrategy to modulate FGF signalling.

Caoand colleagues found the first hint that
regulation of glucose metabolism could be
tied to gastrulation when they looked at the
dynamics of glucose uptake in developing





